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ABSTRACT 
Herein, a series of tin and oxidovanadium complexes, as well as a hexanuclear 
manganese cluster, supported by the bidentate, dianionic perfluoropinacolate (pinF) ligand, 
{(O(C(CF3)2)2}2−, are reported. While six-coordinate SnIV-pinF complexes (2.1−2.3) were 
found to be spectroscopically similar to SnO2 (cassiterite), four-coordinate SnII-pinF 
complexes (2.4−2.5) possess low 119Sn NMR chemical shifts and remarkably high 
quadrupolar splitting. Additionally, the Sn(II) complexes are unusually unreactive towards 
both Lewis acids and bases. Computational analysis suggests that this lack of reactivity 
with Lewis acids arises from the energetic inaccessibility of the HOMO (5s), and the lack 
of reactivity with Lewis bases is due to donation into the LUMO (5px) by fluorine atoms 
on the ligand. Furthermore, monomeric and dimeric {VIV=O}- and {VV=O}-pinF 
complexes (3.1−3.4) were synthesized and characterized, including (Me4N)2[V2(O)2(μ-
O)2(pinF)2] (3.3a). Complex 3.3a was found to catalyze the oxidation of several benzyl 
alcohols at room-temperature under ambient conditions, reproducing reactivity known for 
VOx surfaces and demonstrating the thermodynamically challenging selective oxidation of 
 
 xii 
alcohols to aldehydes/ketones. Finally, a hexanuclear manganese cluster, 
{MnIII4MnIV2(pinF)6(OK(THF))4(OH)4}, abbreviated {Mn6} (4.1) which contains four-fold 
axial symmetry, and its oxidized analog {MnIII3MnIV3(pinF)6(OK(THF))4(OH)4}[PF6] 
(4.2), were prepared and characterized. High-field EPR measurements of 4.1 confirm a 
high spin magnetic ground state of ST = 11, corroborating the oxidation state assignments 
of the manganese centers. While EPR and CTM data suggest the possibility of slow 
magnetic relaxation for 4.1, field-dependent SQUID magnetometry reveals a lack of 
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Synthesis, Structure, and Electronic Properties of Late First-Row Transition Metal 
Complexes of Fluorinated Alkoxides and Aryloxides 
 
[This chapter is in the final stages of preparation for submission to Polyhedron.]  
 
1.1 Introduction 
Understanding the electronic structure and reactivity of transition metal ions 
surrounded by an O-donor environment has long been a goal of inorganic chemists in order 
to model the structure and/or catalytic activity of enzyme active sites, such as the oxygen 
evolving complex (OEC) of photosystem II (PSII),1, 2 industrially-relevant MxOy catalysts,3 
and zeolite frameworks.4-6 Due to the challenges of short lifetimes and isolation limitations, 
understanding the mechanisms by which these enzymatic or heterogeneous processes occur 
is challenging, and thus, the synthetic pursuit of transition metal complexes supported by 
alkoxide and aryloxide (OR) ligands is of great interest. Within the realm of OR ligands, 
the Brønsted basicity of the oxygen lone pair combined with the limited steric bulk effected 
by a single substituent leads to the pervasive formation of μ-OR-bridged structures. These 
multimeric systems contain coordinatively-saturated metal centers and, consequently, 
abated reactivity.7  
To date, examples of discrete mononuclear [M(OR)n]m− complexes are relatively 
limited. One strategy to isolate monomeric metal alkoxide complexes has been the 
utilization of sterically bulky OR ligands that can prevent bridging, e.g. ligands with a 
steric profile larger than tert-butoxide (OC4H9) can result in the formation of monomeric 




Groysman23-27 groups have extensively employed this steric strategy and investigated both 
heteroleptic and homoleptic Mn, Cr, and Fe complexes featuring symmetrically-substituted 
bulky alkoxide/siloxide ligands such as tritox (OCtBu3),9-12, 15-17 silox (OSitBu3),18 
(OCCy3),13 and (OCPh3),14 as well as asymmetric systems such as ditox (OCtBu2Me),19-22 
(OCtBu2Ph),23, 25, 27 and the exceptionally bulky (CtBu2(C6H3Ph2)) (Figure 1.1, adapted 
from Grass et al.8).24, 26 
 
 
An alternate strategy to circumvent bridging behavior is to decrease the basicity of 
the ligand by fluorination. As shown in Figure 1.2(a), fluorinated alcohols are considerably 
more acidic than their protio counterparts,28-33 and, consequently, their conjugate bases, are 
much less basic. This reduced basicity reduces the propensity of highly-fluorinated 
alkoxide and aryloxide (ORF) ligands to bridge, instead forming terminal M-ORF linkages 
that promote the formation of monomeric compounds.  
 
 















































One example of the comparative basicity of highly-fluorinated ligands versus their 
protio analogs in forming terminal versus bridging linkages is the isolation of a series of 
heteroleptic Cu(II) complexes featuring both (OC4H9) and (OC4F9) ligands by Purdy and 
 
Figure 1.2. (a) Comparison of pKa values for fluorinated and non-fluorinated alkoxides 





















pKa = 5.52 pKa = 7.96 pKa = 5.40 pKa1 = 5.95
pKa = 9.88 pKa = 10.2 pKa = 19.2 pKa1 ≈ 18.0
(a)




















































coworkers (Figure 1.2(b)).34 In the Cu(II) tetramer shown, despite the addition of an excess 
of perfluoro-tert-butanol to the reaction mixture, six tert-butoxide ligands bridge 
consecutive metal centers, while a perfluoro-tert-butoxide ligand caps each end of the 
complex. 
In addition to the propensity of ORF ligands to produce monomeric complexes, 
perfluorination of the C—H bonds in ORF ligands decreases the susceptibility of oxidative 
ligand degradation, due to the relative strength of C—F bonds (117 kcal/mol) versus C—
H bonds (99 kcal/mol),35 and thereby stabilizing the C—F based system under highly-
oxidizing environments.  
Over the past 15 years, the Doerrer group has developed an extensive repertoire of 
>50 late transition metal complexes supported by highly fluorinated ligands including 
OArF (OC6F5)−,36-42 OAr’ (OC6H3(3,5-CF3)2)−,36-42 perfluoro-tbutoxide (OC4F9)−,39, 43, 44 
and perfluoropinacolate, denoted as pinF, (O(C(CF3)2)2)2− (Table 1.1).45-47 Herein, the 
synthesis and properties of divalent and trivalent Fe-, Co-, Ni-, Cu-, and Zn-ORF complexes 
with various counter ions prepared by the Doerrer Group will be reviewed, expanding upon 
the recent summary of the reactivity of {CuIORF} complexes recounted by Brazeau et al.48 
Comparing these systems offers a unique opportunity to understand the behavior of discrete 




Table 1.1: Summary of [M(ORF)n]m− complexes and 
their geometries.  
In cases where multiple crystallographically independent metal centers are 





Square planar (!4 < 0.5)  Tetrahedral (!4 > 0.5) 
Complex A !4	 Ref.   Complex A !4 Ref.  
A2[Fe(pinF)2] 
{K(DME)2}+  0.00 45 1.26a  A2[Fe(OArF)4] {K(18C6)}+ 0.76 40 1.1 
Me4N+ 0.00 46 1.26b  A2[(OArF)3Fe(µ2-O)Fe(OArF)3] {K(18C6)}+  40 1.3 
A2[Co(pinF)2] 
{K(DME)2}+ 0.00 45 1.27a  
A2[Co(OArF)4] 
{K(18C6)}+ 0.79 36 1.5a 
Me4N+ 0.40(1) 46 1.27b  Tl+ 0.80 36, 42 1.5b 
Bu4N+ 0.00 46 1.27c  Me4N+ — 36 1.5c 
A[Co(pinF)2] Me4N+ 0.03 47 1.28  A2[Co(OArF)2Cl2] Ph4P+ 0.91 36 1.6 
[(PPh3)2Ni(OArF)2]  0.00 38 1.9  
A2[Co(OAr’)4] 
  
{K(18C6)}+ 0.87 36 1.13a 
[(PPh3)2Ni(OAr’)2]  0.09 38 1.16  Tl+ 0.47 36, 42 1.13b 
A2[Ni(pinF)2] 
{K(DME)2}+ 0.00 46 1.30a  Cp2Co+ 0.92 36 1.13c 
Me4N+ — 46 1.30b  A[KCo(OC4F9)4] {K(18C6)}+ 0.79 43 1.22 
A2[Cu(OArF)4] 
{K(18C6)}+  — 36 1.10a  A2[Co(Hpfa)4] Me4N+ 0.64 47 1.29 
Tl+ 0.19(2) 36, 37 1.10b  
A2[Ni(OArF)4] 
{K(18C6)}+ — 39 1.8a 
Ph4P+ 0.00 36 1.10c  {K(b-18C6)}+ 0.78 39 1.8b 
Bu4N+ 0.00 36 1.10d  Tl+ 0.70(8) 39 1.8c 
Et3NH+ 0.00 36 1.10e  A2[Ni(OAr’)4] {K(18C6)}+ 0.76 39 1.15 
A2[Cu(OAr’)4] 
{K(18C6)}+  0.00 36 1.17a  A[KNi(OC4F9)4] {K(18C6)}+ 0.75 39, 43 1.23 
Tl+ 0.19 36, 37 1.17b  
A2[Zn(OArF)4] 
{K(18C6)}+  0.82 41 1.11a 
A2[Cu(pinF)2] 
K+ 0.00 46 1.31a  K+{K(18C6)}+ 0.82 41 1.11b 
{K(DME)2}+ 0.00 46 1.31b  Tl+ 0.72 41 1.11c 
Me4N+ 0.00 46 1.31c  A2[Zn(OAr’)4] {K(18C6)}+ 0.85 41 1.18 
      A2[(OAr’)2Zn(µ2-OAr’)]2 {K(18C6)}+ 0.85 41 1.19 
      
A2[Zn(pinF)2] 
K+ 0.80 46 1.32a 
      {K(DME)2}+ 0.64 45 1.32b 







Complex A !5	 Ref.   Complex A Ref.   
Square pyramidal (!5 < 0.5)  A[Fe(OC4F9)3] {K(18C6)}+ 43 1.20 
A2[Fe(OArF)5]	 Ph4P+ 0.07 40 1.2b  A[Co(OC4F9)3] {K(18C6)}+ 43 1.21 
Trigonal bipyramidal (!5 > 0.5)  A[Cu(OC4F9)3] {K(18C6)}+ 43 1.24 
A2[Fe(OArF)5] 
{K(18C6)}+  0.84 40 1.2a  A[Zn(OC4F9)3] {K(18C6)}+ 43 1.25 
Me4N+ 0.80 40 1.2c       
A2[Fe(OAr’)5] {K(18C6)}+  0.70 40 1.12       
A2[(OArF)3Fe(µ2-OArF)]2 {K(18C6)}+ 0.65 40 1.4       
[(OArF)(DME)Co(µ2-OArF)2]  0.53 42 1.7       




























1.2 Synthesis of [M(ORF)n]m− complexes 
The syntheses of [M(ORF)n]m− complexes developed by the Doerrer Group are 
summarized in Schemes 1.2-1.7 and literature references for each of the complexes 
described herein can be found in Table 1.1. Generally speaking, complexes were prepared 
by typical metathesis reactions of the corresponding metal and ligand salts, although, in 
several cases, the synthesis of [M(ORF)n]m− complexes proved usefully sensitive to 
ligand/metal ratio, metal source, and/or reaction conditions. While in many cases, 
syntheses of metal complexes of the corresponding non-fluorinated alkoxide/aryloxide 
ligands result in the formation of polymeric μ-OR-bridged structures,7 in the fluorinated 
realm, simply adjusting the M:ORF ratio conveniently allows for the selective formation of 
monomeric/dimeric complexes.40-42 Furthermore, encapsulation of K+ counter-ions with 
18-crown-6 (18C6) or counter-ion exchange of K+ in these [M(ORF)n]m− complexes with 
quaternary R4P+ or R4N+  salts has resulted in an extensive library (Table 1.1) of 
[M(ORF)n]m− salts. This library has allowed our group to investigate the role that counter-
ions, including Lewis-acidic K+ and Tl+, play in determining the structure and solubility of 
highly-fluorinated metal complexes. 
As previously discussed, one of the key advantages of ORF ligands is the ability to 
readily prepare monomeric compounds. The majority of complexes presented herein are 
monomeric species, but in some cases, the formation of dimers 1.4,40 1.7,42 1.14,42 and 
1.1941 was also possible when the metal to ligand ratio was sufficiently increased. 
Additionally, early work in the Doerrer Group directly investigated the effect of 




perhydro- and perfluorophenoxide ligands.36 As shown in Scheme 1.1 reaction of 
corresponding divalent metal salt (Co or Cu) with four equivalents of KOC6H5 yielded 
alkoxide-bridged [(OPh)2MII(μ2-OPh)2MII(OPh)2]2− dimers. Analogous reactions of Co(II) 
or Cu(II) with four equivalents KOArF yielded monomeric [M(OArF)4]2− complexes (Co, 
1.5 and Cu, 1.10). The metal-to-ligand synthetic ratio can also be used to shift the 
equilibrium and force otherwise unobtainable coordination environments. In 2013, 
Zadrozny and coworkers demonstrated that a monomeric Co(II) perhydrophenoxide 
complex could be isolated by altering reaction stoichiometry.49 By employing an excess of 
ligand, the first monomeric [Co(OC6H5)4]2− moiety was crystallographically-characterized, 
corroborating other examples of equilibria shifted by increasing amounts of ligand36, 43 and 
disproving initial speculation that such alkoxides exclusively formed polymeric 




Scheme 1.1. Comparative syntheses of [Co(OAr)4]2− complexes with perfluoro versus 





































1.2.1 Complexes with OArF 
The syntheses of {M(OArF)}-containing species 1.1-1.11 (OArF = (OC6F5)−), are shown in 
Schemes 1.2 (K+), 1.3 (Tl+), and 1.4 (H+), which are distinguished by the counter cation of 
the starting phenolate. Four-coordinate OArF complexes of divalent Fe, Co, Cu, and Zn 
were synthesized by reaction of corresponding divalent metal salt with four equivalents of 
KOArF ligand salt and either the addition of 18C6 as a K+ encapsulating agent (1.1, 1.5a, 
1.10a, 1.11a-b) or subsequent counter-ion exchange with Ph4P+ (1.6, 1.10c) or Me4N+ 
(1.5c) (Scheme 1.2). Interestingly, the synthesis of Zn analogs 1.11a-b proved particularly 
sensitive to the Zn:OArF ratio employed, resulting in incomplete K+ encapsulation by 18C6 
when slightly less than four equivalents of (OArF)− ligand were added (1.11b). This 
stoichiometric sensitivity is not observed for OArF complexes of other the first-row metals.  
In addition to the divalent complexes described above, a series of trivalent Fe-OArF 
complexes has also been prepared from KOArF. Five-coordinate Fe(III) monomers 1.2a-c 
were prepared by the reaction of FeBr3 with five equivalents of KOArF and two equivalents 
of 18C6 (1.2a) or subsequent counter-ion exchange with Ph4PBr or Me4NBr for 1.2b and 
1.2c, respectively. Reducing the metal to ligand ratio to 1:4 resulted in the formation of an 
Fe(III) dimer 1.4, which features two four-coordinate Fe(III) centers bridged by two 
aryloxide ligands; complex 1.4 was also prepared by reacting 1.2a with PhIO, indicating 
the formal loss of two aryloxyl radicals to produce a final Fe:OArF ratio of 1:4 after 
oxidation. The formation of the four-coordinate Fe(III) (μ2-O)2 bridged dimer 1.3 resulted 
from the recrystallization of five-coordinate 1.2a from slightly wet solvent, implicating the 























M = Fe, Co, Cu, Zn
A = Ph4P+, Me4N+
2 K{18C6}+
{K(18C6)}2[M(OArF)4]
M = Fe (1.1), Co (1.5a), 















































Scheme 1.3. Synthesis of M-OArF complexes with TlOArF. 
 
The use of TlOArF as the starting phenolate proved especially useful in promoting 
the formation of M-OArF complexes due to the precipitation of highly insoluble TlX salts 
as byproducts (Scheme 1.3). Similar to the reactions with KOArF described above, Tl-
containing [Tl2M(OArF)4] complexes of Co (1.5b), Cu (1.10b), and Zn (1.11c) were 
prepared by reaction of corresponding divalent metal salt with four equivalents of TlOArF 
ligand salt; subsequent counter-ion exchange of 1.5b and 1.10c with Ph4P+ or Me4N+, 
respectively, yielded [M(OArF)4]2− complexes of the corresponding quaternary Group 15 
salt (1.5c, 1.10c). Similarly, reaction of [Bu4N]2[CuCl4] with four equivalents of TlOArF 
resulted in the formation of homoleptic 1.10d. 
(Ph4P)2[Co(OArF)2Cl2] (1.6)[(OArF)(DME)Co(µ2-OArF)2] (1.7)


























M = Co, A = Me4N+ (1.5c) 
































In the Co series 1.5a-c, homoleptic coordination was achieved only when CoI2 was 
used as the starting metal salt. Reaction of CoCl2 resulted in the formation of four-
coordinate heteroleptic complex 1.6, which contains two aryloxide ligands and two 
chloride ligands; incomplete ligand substitution at the Co center is hypothesized to be 
resultant of strong lattice interactions in CoCl2. Neutral Co dimer 1.7, which contains two 
bridging (μ2-OArF)− ligands, was isolated when a 2:1 ratio of Co:OArF was employed. 
Neutral Ni complex 1.9, which binds two equivalents of (OArF)− ligand and two Ph3P 
ligands, was prepared when two equivalents of TlOArF was reacted with four-coordinate 
(PPh3)2NiCl2. 
Finally, several Ni and Cu-OArF complexes were prepared beginning with 
perfluorophenol, HOArF (Scheme 1.4). Interestingly, preparation of homoleptic Ni-OArF 
complexes was possible only when the Ni sources also served as an internal base. When 
reacted with K/Tl-OArF salts, NiCl2 or NiCl2(DME) resulted in incomplete substitution and 
NiI2 was reduced to Ni0.  Therefore, Ni-OArF complexes (1.8a-c) were synthesized by 
employing Cp2Ni as both the metal source and an internal base and adding two equivalents 
of HOArF and K/Tl-OArF ligand salt with subsequent addition of 18C6 (1.8a) or benzo-
18C6 (1.8b) as a K+ encapsulating agent. Additionally, the synthesis of Cu-containing 

























Scheme 1.4. Synthesis of M-OArF complexes with HOArF. 
(Et3NH)2[Cu(OArF4] (1.10e)
0.5 crown
KOArF     
0.5 Cp2Ni
HOArF
Et3N              
0.25 CuCl2•2H2O
[Tl2Ni(OArF)4] (1.8c)






























1.2.2 Complexes with OAr’ 
Syntheses with the {M(OAr’)}-containing 1.12-1.19 (OAr’ = (OC6H3(3,5-CF3)2)−) 
are shown in Scheme 1.5 and are largely analogous to those with OArF. Four-coordinate 
OAr’ complexes of divalent Co, Cu, and Zn (1.13a-b, 1.17a-b, 1.18) were synthesized by 
reaction of corresponding divalent metal salt with four equivalents of K/Tl-OAr’ ligand 
salt and the addition of 18C6 as a K+ encapsulating agent (1.13a, 1.17a, 1.18); similarly, 
five-coordinate Fe(III)-OAr’ complex 1.12 was prepared when five equivalents of ligand 
salt were combined with FeBr3. The [NiX4]2− analog 1.15 was prepared when Cp2Ni was 
reacted with two equivalents of HOAr’ and KOAr’ with subsequent addition of 18C6. 
Unexpectedly, 1.13c, a [Co(OAr’)4]2−-containing double-salt with [Cp2Co]+ counter-ions, 
was prepared when HOAr’ and Cp2Co were combined in a 4:3 ratio. The phenol not only 
serves as a ligand source via alcoholysis, but also oxidizes Cp2Co to [Cp2Co]+, further 
demonstrating that in general, metathesis with CoI2 was the most straightforward method 
for preparing Co(II) complexes.  
Similar to the OArF analog 1.9, neutral heteroleptic Ni complex 1.16, was isolated 
when (PPh3)2NiCl2 was reacted with two equivalents of TlOAr’. The formation of μ-OAr’-
bridged Co (1.14) and Zn (1.19) dimers was achieved when the metal/ligand ratio was 
increased. While Zn dimer 1.19 features two Zn centers, each coordinated to two OAr’ 
ligands, linked by a bis-μ2-OAr’ bridge (Zn:OAr’ ratio of 1:3), Co dimer 1.14 incorporates 
a single equivalent of DME and OAr’ coordinated to each Co center, linked by a bis-μ2-




































0.33 ZnI2   
0.33 18C6
M = Co, Cu, Zn
2 K{18C6}+
{K(18C6)}2[M(OAr’)4]




















































1.2.3 Complexes with OC4F9 
The synthesis of {M-OC4F9}-containing complexes 1.20-1.25 is shown in Scheme 
1.6. Tris-(OC4F9) complexes were obtained for Fe, Co, Cu, and Zn by reacting the 
corresponding divalent metal salt with three equivalents of KOC4F9 and a single equivalent 
of 18C6 (1.20, 1.21, 1.24, 1.25). In the case of Co and Zn, isolation of a three-coordinate 
complex was made possible by first forming four-coordinate analog 
{K(18C6)}[M(OC4F9)3(THF)] and placing the complex under vacuum for several hours to 
remove the bound solvent molecule. While a crystal structure was obtained for 
{K(18C6)}[Co(OC4F9)3], only the four-coordinate Zn analog 
{K(18C6)}[Zn(OC4F9)3(THF)] was crystallographically characterized, although analytical 
data supporting the isolation of tris-alkoxide  {K(18C6)}[Zn(OC4F9)3] was obtained. 
  Tetrakis-OC4F9 complexes, [M(OC4F9)4]2−, of Co (1.22) and Ni (1.23) were 
obtained when four equivalents of KOC4F9 were added to the divalent metal salt. 
Interestingly, 1.22 and 1.23 crystallize with only a one equivalent of K+ encapsulated by 
18C6, regardless of the amount of crown ether added; accordingly, the crystal structures of 
1.22 and 1.23 show that the unencapsulated K+ ion is strongly associated with the F atoms 
of a nearby ligand CF3 group. While the isolation of both tris- and tetrakis-OC4F9 
complexes were possible for Co, only four-coordinate Ni analog [Ni(OC4F9)4]2− was 
obtained even when the amount of ligand added to reaction mixtures was decreased, despite 
















M = Co, Ni

















M = Fe (1.20), Co (1.21), 




1.2.4 Complexes with pinF 
The syntheses of {M(pinF)}-containing complexes 1.26-1.32 (pinF = 
(O(C(CF3)2)2)2−) are shown in Scheme 1.7. Divalent [M(pinF)2]2− complexes with 
{K(DME)2}+ counter-ions, Fe (1.26a), Co (1.27a), Ni (1.30a), and Zn (1.32b), were 
prepared under inert conditions by reacting perfluoropinacol (H2pinF), K{N(TMS)2}, and 
MX2 in a 2:4:1 ratio and subsequent recrystallization from DME. Under ambient 
atmosphere, Cu (1.31a) and Zn (1.32a) analogs with unencapsulated K+ counter-ions were 
similarly prepared using the same 2:4:1 ligand/base/metal ratio and employing an aqueous 
base such as KOH or Me4NOH. The Cu(II) {K(DME)2}+ analog 1.31b was prepared via 
recrystallization of 1.31a from DME.  
Conveniently, due to the reduced basicity of the pinF ligand, the aqueous synthesis 
of divalent Fe, Co, Ni, and Cu [M(pinF)2]2− complexes was also possible, although an inert 
atmosphere proved necessary due to the O2 sensitivity of the respective metal centers. In a 
N2-filled wet box, M-pinF complexes with Me4N+ counter-ions were prepared with Fe, Co, 
Ni, and Cu (1.26b, 1.27b, 1.30b, 1.31c, respectively) by reacting H2pinF, Me4NOH･5H2O, 
and MX2 in a 2:4:1 ratio. Chemical oxidation of Co(II) in 1.27b with AgPF6 under inert 
atmosphere yielded the exceptional Co(III)-containing 1.28. Compared to the classical six-
coordinate Werner complexes, square-planar 1.28 possesses a remarkably low 
coordination number and does not bind Lewis bases, preserving its low coordination 
number. Furthermore, 1.28 is has an intermediate-spin, S = 1, ground state, in a square 
planar environment; this unique electronic configuration will be further discussed later. 




four monodentate perfluoroacetone geminal diol (Hpfa) ligands connected by four 
intramolecular hydrogen bonds, formed from the reaction of 1.28 with reactive oxygen 
species (ROS). Complex 1.29 may also be obtained by the addition of hydroxide to 
solutions of 1.28 in air, exemplifying the comparative stabilities of Co(II)-containing 1.27b 





















































M = Fe, A = Me4N (1.26b) 
M = Co, A = Bu4N (1.27c)
M = Ni,  A = Me4N (1.30b)
M = Cu, A = Me4N (1.31c)
A2[Cu(pinF)2]
2 A+
























































































1.3 Counter-cation interactions with {M(ORF)n}m− anions 
 As detailed above, [M(ORF)n]m− complexes have been prepared with a variety of 
counter-cations, ranging from non-coordinating quaternary Group 15 salts (Me4N+, Bu4N+, 
Ph4P+) to Lewis acidic Tl+ and K+ ions and their 18-crown-6- and DME-encapsulated 
analogs. In particular, highly fluorinated O-donor ligands, like their more basic perhydro 
counterparts. are predisposed to forming Lewis acid-base interactions counter-ions due to 
the presence of Lewis-basic O and F atoms in the ligand framework. The bridging of 
alkoxide and aryloxide groups by Lewis acidic cations has contributed significantly to the 
oligomeric and polymeric structures observed previously.7 The interactions of the F atoms 
on ORF ligands with K+ and Tl+ cations have been less well-studied, but significantly affect 
complex solubility, anion geometry, and nuclearity. The structural motifs observed in of 






Scheme 1.8. Summary of K+ and Tl+ interactions in [M(ORF)n]m− complexes. 
intramolecular interactions















































OArF          1.2a, 1.3, 1.4 
OAr’        1.12
OC4F9     1.22, 1.23
pinF         1.32, 1.30a, 1.31a, 1.32a
Tl F 
OArF         1.5b, 1.10b
OAr’          1.17b
OArF         1.10b, 1.11c
OAr’          1.13b
OArF         1.10b 
OAr’          1.17b
K O
OArF         1.2a, 1.3, 1.4, 1.5a, 1.7a, 1.8b, 1.11a, 1.11b
OAr’       1.12, 1.13, 1.15, 1.18, 1.19
OC4F9    1.20, 1.21, 1.22, 1.23, 1.25
pinF        1.26a, 1.27a, 1.30a, 1.31a, 1.31b, 1.32a, 1.32b
Tl O
OArF        1.5b, 1.8c, 1.10b, 1.11c














































1.3.1 Interactions with K+ cations 
As shown in the left side of Scheme 1.8, K+ counter-cations can form inter- and 
intramolecular K⋯O and K⋯F interactions between and within M-ORF complexes. In 
general, intermolecular interactions play a key role in the solid state nuclearity of the 
complexes by forming linkages between alkoxide/aryloxide ligands on adjacent metal 
centers. Additionally, intramolecular K⋯O and K⋯F interactions can affect the geometry of 
a single metal center, distorting metal environments from their ligand-field driven 
configurations. 
Table 1.2. Comparison of K⋯O and K⋯F distances in Cu- and Zn-pinF complexes. 










M⋯O(pinF) 1.905(14) 1.916(2) 1.947(14) 1.944(3) 








!450 0.0 0.0 0.80 0.64 
 
In order to examine the effect of such K+ interactions on solid-state structure, the 
Cu- and Zn-pinF complexes with naked K+ counter-ions (1.31a and 1.32a) and their DME-
encapsulated K+ analogs (1.31b and 1.32b) were compared. As shown in Table 1.2, while 
the average M⋯O(pinF) distance is not significantly different between the naked and 
encapsulated K+ analogs for each metal, the number of K⋯F and K⋯O interactions is highly 




Comparing Cu complexes 1.31a and 1.31b, naked analog 1.31a contains both K⋯F 
(3.0165(17) Å) and K⋯O interactions (2.854(16) Å) when each K+ ion is situated in a 
{F2O5} coordination environment, but when K+ is coordinated by DME (1.31b), the 
number of K⋯O(pinF) interactions is reduced to two and no K⋯F contacts shorter than 4.2 
Å are observed. In comparing the Zn complexes 1.32a and 1.32b, a similar phenomenon 
is observed. Unencapsulated analog 1.32a contains two independent K+ counter-ions, one 
with {F3O5} coordination and the other with {F4O4} coordination; DME-encapsulated 
analog 1.32b contains K+ ions each with {F1O2} coordination from the ligand in addition 
to {O4} coordination by the DME solvent molecules. Furthermore, while the geometries of 
the square-planar Cu-containing 1.31a and 1.31b are not affected by K⋯F and K⋯O 
interactions, Zn-containing 1.32a and 1.32b are distorted from their expected tetrahedral 
geometry (!4 = 1) with !4 values50 of 0.80 and 0.64, respectively, due to bridging K+ 
interactions and constraints of the resultant five-member chelate ring. Generally, it is 
expected that naked K+ ions would interact more strongly with the Zn-pinF anion than their 
encapsulated counterparts; thus, the comparative distortions of 1.32a and 1.32b from 





In one particular family, K⋯F and K⋯O interactions dominate such that complete 
K+ encapsulation by 18C6 is not observed. In particular, four-coordinate [M(OC4F9)4]2- 
complexes 1.22 (Co) and 1.23 (Ni) crystallize with two K+ counter-ions, but only one K+ 
is coordinated to 18C6, no matter how many equivalents of crown ether are added (Figure 
1.3). In these two examples, the unencapsulated K+ is coordinated to nine O and F atoms 
on the perfluoro-tert-butoxide ligand with {O3F6} coordination. Ultimately, these three 
K⋯O interactions impart an approximate three-fold axis of symmetry in 1.22 and 1.23 and 
preclude the encapsulation of the K+ ion by 18-crown-6. 
  
 
Figure 1.3. ORTEP of 1.22 (left) and 1.23 (right) showing K⋯F and K⋯O interactions. 




1.3.2 Interactions with Tl+ cations 
Much like K+, Tl+ can form interactions with Lewis-basic moieties such as the O 
and F atoms on an ORF ligand. While K+ primarily functions as a Lewis acid due to its 
electronic configuration equivalent to that of noble gas Ar, the filled 6s orbital of Tl+ can 
also form Lewis-basic interactions with the empty "* orbitals of arene rings and 
thallophilic interactions with itself, so-called Menshutkin interactions.52 Additionally, as a 
large, electron-rich (soft) metal with high coordination number capacity,53 a single Tl+ ion 
can form many Tl⋯O, Tl⋯F, Tl⋯arene, and Tl⋯Tl interactions within or between M-ORF 
complexes.  
Two examples of the different structural effects of Tl+ counter-ions can be seen by 
comparing two pairs of Co- (1.5b and 1.13b) and Cu-containing (1.10b and 1.17b) OArF 
and OAr’ complexes respectively. As shown in Figure 1.4, Co complexes 1.5b and 1.13b 
differ in their solid-state nuclearity depending on the aryloxide ligand’s interaction with 
the Tl+ counter-ions. The OArF-containing [Tl2Co(OArF)4] (1.5b) is monomeric with a 
single four-coordinate Co center in which each Tl+ counter-ion bridges two OArF ligands; 
a similar configuration is also observed for Ni-containing 1.8c and Zn-containing 1.11c. 
On the other hand, OAr’-containing [Tl2Co(OAr’)4] (1.13b) crystallizes as a solid-state 
dimer in which the two five-coordinate Co centers are bridged by two OAr’ ligands. In this 
case, these aryloxide ligands are bound in a μ3-bridging configuration with the two Co 
centers and a Tl+ ion, demonstrating the bridging role Tl+ can play in facilitating the 
formation of polymeric solid-state structures, although the extent to which the interactions 






Figure 1.4. ORTEPs of Co complexes 1.5b (top) and 1.13b (bottom) showing Tl⋯O 
interactions with the OArF and OAr’ ligands. Ellipsoids are shown at 50% probability. 




Furthermore, Cu complexes 1.10b and 1.17b both form multinuclear solid-state 
structures (Figure 1.5) which depend on the bridging interactions of the Tl+ ions with the 
ORF ligand employed as well as the strength of the thallophilic interactions formed. 
Uniquely, OArF-containing complex 1.10b forms an infinite helical chain in which all 
aryloxide O atoms bridge between Cu and Tl atoms such that adjacent {Cu(μ2-OArF)4} 
units are linked by Tl+, forming a distorted octahedron of {Tl2(μ2-OArF)4} units which 
bridge the Cu centers. In this complex, Tl⋯Tl contacts averaging 3.86(6) Å are also present. 
On the other hand, OAr’-containing complex 1.17b does not adopt an extended helical 
structure, but is a dimer in the solid state with significantly shorter average Tl⋯Tl contacts 
of 3.564(1) Å. Due to a lack of "⋯" stacking of the OAr’ arene rings, an infinite chain is 
not observed for 1.17b. However, the formation of solid-state dimer 1.17b reveals that the 
bulkier OAr’ ligand does not preclude the formation of bridging {Tl2(μ2-OAr’)4} units. 
Together, Cu complexes 1.10b and 1.17b demonstrate the changes in solid-state nuclearity 
effected by the strength of thallophilic interactions and the ligand-dependent Tl⋯O 







Figure 1.5. ORTEPs of Cu complexes 1.10b (top) and 1.17b (bottom) showing 
thallophilic and Tl⋯O interactions with the OAr ligands which affects their nuclearity 





1.4 Electronic structure of [M(ORF)n]m− complexes 
Early experimental and computational work established the ligand field strength of 
ORF ligands.39, 40 Comparative spectroscopic analysis of pseudo-halogen [NiX4]2− (X = 
NCO, Cl, Br) complexes and Ni-OArF, -OAr’, and -OC4F9 complexes (1.8, 1.15, and 1.23, 
respectively) demonstrated that the absorption spectra of Ni-ORF complexes are 
significantly blue-shifted versus the halogenated species, indicating a stronger ligand-field 
than Cl− or Br− (Table 1.3, adapted from Zheng et al.).39, 54-57 The strongly electron-
withdrawing, weak "-donor ORF ligands are approximately an electronic equivalent to 
fluoride (F−), but less prone to bridging, as evidenced by their monomeric structures shown 
in the structural summary above.  
 
Table 1.3. Electronic spectral data and ligand-field parameters for [NiX4]2− complexes. 
Adapted from Zheng et. al.39 
 E(#3) E(#2) B Dq  
Complex (cm−1) (cm−1) (cm−1) (cm−1) Ref. 
[Ni(NCO)4]2− 16 200 9 460 511 311 55, 56 
[NiCl4]2− 14 760 7 470 405 206 54, 56 
[NiBr4]2− 13 320 6 995 379 201 54, 56 
[Ni(OArF)4]2−, 1.8a 16 660 9 290 877 502 39 
[Ni(OAr’)4]2−, 1.15 16 820 10 000 867 540 39 





High oxidation states are typically favored by strong s-donation which can also 
lead to low-spin configurations. On the other hand, high-spin configurations are promoted 
by weaker field ligands with extensive p-donor character. These fluoride-like ORF ligands 
stabilize relatively high oxidation states and high-spin configurations, a rare combination 
that is of great interest for future reactivity studies. Table 1.4 provides a broad overview of 
the electronic structures observed for late first-row [M(ORF)n]m− complexes, including 
examples as predicted (in black) and those that were unexpected (in blue).  
All [M(ORF)n]m− complexes characterized to date are high-spin. While this spin-
state is relatively unremarkable for three-coordinate trigonal planar and four-coordinate 
tetrahedral complexes, high-spin square planar complexes are remarkably rare due to the 
large energetic separation between the $!!"	$!  orbital and the rest of the d orbital manifold. 
As shown in Table 1.4, unexpected high-spin configurations were achieved in square 
planar Fe- and Co-pinF complexes 1.26b and 1.27b. These compounds are the first and 
second molecular examples of high-spin square-planar Co and Fe in {O4} coordination, 
respectively,45 joining a handful of other examples of high-spin square planar Fe(II)58-69 
and Co(II) complexes.63, 64, 70-74  Furthermore, in 2018, this chemistry was expanded to 
include an extraordinary S = 1 ground state square planar Co(III) in {O4} coordination, 
complex 1.28.47 This unique combination of geometry and spin state is made possible by 
the presence of five non-degenerate d orbitals, lack of ligand-based "-acceptor orbitals, 





Table 1.4. Observed spin states and E1/2 values for MII/III redox couples of [M(pinF)n]m− 
complexes.46 Spin states depicted in parentheses are observed for similar trivalent 
[M(ORF)n]m− complexes when [MIII(pinF)2]− complexes were unavailable for 
comparison. 
 Fe Co Ni Cu Zn 
MII d6 d7 d8 d9 d10 
 S = 2 S = 3/2 S = 0 S = 1/2 S = 0 
MIII d5 d6 d7 d8 — 
 (S = 5/2)40 S = 1 — (S = 0)75 — 
E1/2 (V)  
vs. Fc/Fc+ −0.060 0.094 0.356 0.654 — 
Compound 1.26b 1.27b/1.28 1.30b 1.31c 1.32a 
 
Reduced p-donation to metal centers means that the ligands are predominantly s-
donors, and therefore might be expected to stabilize higher oxidation states. Indeed, 
electrochemistry of the [MII(pinF)2]2− series with M = Fe (1.26b), Co (1.27b), Ni (1.30b) 
and Cu (1.31c), shows reversible MII/III couples for Ni and Cu, and quasi-reversible MII/III 
couples for Fe and Co, respectively (Table 1.4). Compound 1.28 is the first trivalent 
{M(pinF)}-containing complex isolated and characterized to date, and other Fe(III) and 
Cu(III) complexes supported by highly-fluorinated O-donor ligands have prepared as well. 
The penta-coordinate [FeIII(ORF)5]2− with OArF (1.2a-c) and OAr’ ligands (1.12) are high 
spin (S = 5/2), whose geometry between trigonal bipyramidal and square pyramidal is 




fluorinated ligand led to the room temperature stable {K(18C6)}[CuIII(OC(C6H4)(CF3)2)2], 





























































Computational analysis of [M(ORF)4]2− complexes has supported the qualitative 
ligand character arguments based on the spectroscopic and magnetic data above.40, 45, 47	The 
reduced p-donor character in fluorinated alkoxide ligands versus their per-protio analogs 
was demonstrated in a comparison of hypothetical [TiIV(OAr)4]0 and [FeIII(OAr)4]−.40 
Scheme 1.9 shows further characteristics and their influence through a series of ligand field 
splitting diagrams. At the far left, Scheme 1.9(a) shows the ligand field splitting expected 
for a square planar complex with only σ-donation.  When some p-donation is added, as in 
the case of alkoxide ligands, the O 2p electron contribution into the metal d orbitals raises 
the energy of dyz and dxz in the D4h manifold, as shown in Scheme 1.9(b).45  Furthermore, 
the observed ligand fields in the [M(pinF)2]n− complexes have at most two-fold rotational 
symmetry due to the reduction in symmetry imposed by the chelate ring.  This change 
removes the degeneracy in the dyz and dxz orbitals, shown in Scheme 1.9(c), facilitating the 
S = 1 configuration observed in [CoIII(pinF)2]− (1.28).47   
  Current efforts in expanding this chemistry to the middle of the d-block (Cr, Mn) 
and into the earlier metals (Ti, V) may lead to more unusual electronic structures for {MOn} 






1.5 Conclusions and Future Directions 
The collection of over fifty complexes described herein is a significant 
compendium of late first-row transition metals supported by highly-fluorinated alkoxide 
and aryloxide (ORF) ligands. While the corresponding protio analogs of these ligands often 
result in extended (μ-OR)-bridged structures, the reduced basicity of ORF ligands offers an 
opportunity to access mononuclear metal centers in an all-O-donor environment, although 
in some cases, reaction conditions can be exploited to isolate dimeric species as well. Due 
to the presence of both O and F atoms on the ORF backbone, Lewis-acidic counter-ions 
such as Tl+ and K+ can form interactions that influence the solid-state structure and 
solubility of the resultant complexes. Furthermore, the relatively weak ligand field of these 
ORF ligands leads to largely high-spin metal complexes, including several rare examples 
of Co(II), Co(III), and Fe(II) in high-spin square planar configurations.  
While the foundation has been laid in understanding the structure and properties of 
[M(OR)n]m− complexes of the late first-row metals, O-donor complexes of the earlier, more 
oxophilic first-row metals (Sc, Ti, Cr, and Mn) have not been extensively explored, despite 
their industrial significance. In the realm of perhydro complexes, examples of discrete 
[M(OR)n]m−  complexes are limited, and many questions remain: What range of oxidation 
states may be stabilized? What coordination environments and nuclearities might result? 
What is the air- and water-tolerance of these complexes? Is catalytic potential observed? 
Looking forward, the preparation of [M(ORF)n]m− complexes is a prime opportunity to 
capitalize upon the advantages offered by fluorinated O-donor ligands in order to fill in 




Overall, this summary cohesively and succinctly lays the groundwork in 
demonstrating the utility and unique properties of transition metal complexes supported by 
highly-fluorinated O-donor ligands. Having established that unusual electronic structures 
are possible with ORF ligands, next, we move forward to expand our body of work to 
include ORF complexes of the earlier first-row, heavier d-block, and p-block metals. Future 
efforts will significantly expand the reactivity studies to investigate stoichiometric and 





Formation of Monomeric Sn(II) and Sn(IV) Perfluoropinacolate Complexes and 
their Characterization by 119Sn Mössbauer and 119Sn NMR Spectroscopies 
 
[This chapter is in the final stages of preparation for submission to Dalton Transactions.]  
 
2.1 Introduction 
Tin (Sn), as an essential component of the Bronze Age, is one of the most 
technologically important metals in human history. Over the millennia, the applications of 
metallic Sn and its alloys have evolved from the smithing of crude tools and weapons to 
include glassmaking, food preservation, and electronics manufacturing. Solder for circuitry 
is currently the single greatest use of Sn, accounting for around 40% of worldwide 
consumption.76 The chemical industry consumes about 14% of annual Sn production, 
which primarily sees application as a stabilizer for polyvinyl chloride (PVC) products or 
as polymerization catalysts. Sn(IV) is more frequently employed in catalysis than Sn(II),77 
although the important Mukaiyama aldol reaction was originally developed with Sn(II) 
triflate as a mediator.78-83 Forty years of development have since led to a diverse field of 
other catalysts for asymmetric synthesis,84-86 but Sn(II) species are still commonly used as 
reducing agents77 and precursors for materials synthesis.87-90  
Elemental Sn has the electron configuration [Kr]4d105s25p2. Upon oxidation to 
Sn(II), the 5p orbitals are vacated; it is these p orbitals that are primarily involved in 
bonding, while the lone pair’s high s character renders it mostly inert. This state is common 
to the “heavier carbenes,” also known as “metallylenes”; i.e., Si, Ge, Sn, or Pb. These 




2.1)91 and thus their valence p orbitals remain empty and can accept incoming electrons. 
These systems can exhibit intramolecular donation of electron density from neighboring 
atoms into the empty p orbital of the divalent metal center, known as the mesomeric effect. 
Additionally, in terms of intermolecular reactions, Lewis bases may bind at the metal 
center, necessarily filling this p orbital, although this phenomenon may be prevented by a 
sufficiently bulky ligand system.91-94 
 
Of particular note are Lappert’s stannylene, [(Me3Si)2CH]2Sn],95 and its 
derivatives.96-102 While Sn(II) centers are typically Lewis acidic, several stannylene 
compounds have been shown to act in an amphiphilic103 or Lewis basic manner, depending 
on the substituents. For example, the original Lappert’s stannylene forms dimers in which 
two Sn(II) atoms each donate their s lone pair into the other’s empty p orbital, assuming a 
“trans-bent” configuration with two dative bonds.100, 104, 105 It has also been shown that 
 
Scheme 2.1. Valence orbitals of a generic N-heterocyclic metallylene (left), where M = Si, 
Ge, Sn, or Pb, in which there is little hybridization of the s and p atomic orbitals. Contrast 
to a singlet N-heterocyclic carbene (NHC) (right), where the s orbital is hybridized to sp2. 





when a sufficiently donating Lewis base is coordinated to the metal, Sn(II) can in turn 
donate its lone pair to a neighboring complex, forming a head-to-tail donor-acceptor 
system.105-111 This tactic can be used to stabilize metal clusters108 or trap highly reactive 
species.112  
In recent years, the Doerrer Group has extensively utilized fluorinated O-donor 
monodentate ligands to stabilize a variety of transition metal centers.40-48, 75, 113 These 
fluorinated alkoxides are highly electron-withdrawing and are weaker p-donors than their 
protio analogs, diminishing (μ-OR) bridging in complexes. They are electronically 
equivalent to fluoride (F-) and lack C—H bonds susceptible to oxidative decomposition.43 
The structure and reactivity of 3d metal complexes of bidentate perfluoropinacolate, 
abbreviated (pinF)2-, have also been investigated.45-47 In this work, we report the synthesis, 
characterization, and computational analysis of the monomeric Sn(IV) and Sn(II) 
perfluoropinacolate complexes, [Sn(pinF)3]2− and [Sn(pinF)2]2−, and explore the unusual 






2.2 Results and Discussion 
2.2.1 Synthesis of [Sn(pinF)3]2− and [Sn(pinF)2]2− complexes 
Perfluoropinacolate complexes of Sn(IV) were synthesized according to the top of 
Scheme 2.2. Historically, the preparation of Sn alkoxides has largely relied upon SnCl4 as 
the Sn source, though extensive investigation has found that often, the chloride ligands are 
not completely displaced, leading to the formation of heteroleptic complexes.114 
Nevertheless, the preparation of homoleptic tetra-alkoxides has been achieved via 
alcoholysis, which is especially straightforward when the pKa of the added alcohol is lower 
than that of the liberated alcohol. 
Our synthesis entails the partial alcoholysis of Sn(OtBu)4 with H2pinF along with 
the addition of two equivalents of additional base to complete the deprotonation of the 
dianionic ligand. As the source of the counter cation, the base can be selected to tune the 

























































and characterization of three Sn(IV) [Sn(pinF)3]2− complexes with different counter-
cations: NEt3H+ (2.1), K+ (2.2), {K(18-crown-6)}+ (2.3), and due to the chelate effect, the 
preferential binding of the dianionic, bidentate (pinF)2− ligand over (OtBu)− was presumed. 
However, initial attempts to synthesize the Sn(IV) complexes at room temperature proved 
unsuccessful. These results led us to pursue solvothermal syntheses. Optimization of the 
reaction conditions found that heating the reaction mixtures to 100°C for 8 h in toluene, 
followed by slow cooling of the reaction autoclaves precipitated near-quantitative yields 
of colorless crystals directly from the reaction mixture. Subsequent recrystallization of 
these isolated crystals from acetone/hexanes led to the isolation of analytically pure, X-ray 
quality crystals. 
Perfluoropinacolate complexes of Sn(II) were synthesized according to the bottom 
of Scheme 2.2. These reactions were carried out under inert atmosphere, and unlike the 
reactions with Sn(IV), proceed at room temperature. The order of addition in these 
reactions proved crucial. Initial addition of the ligand salt KHpinF to SnCl2 led to the 
formation of a significantly volatile intermediate, presumed to be the Sn(II) complex of 
mono-deprotonated perfluoropinacol, Sn(HpinF)2, and quantitative yields of byproduct 
salt, KCl. In order to form the desired [Sn(pinF)2]2− complex, full deprotonation of the 
ligand, followed by the addition of SnCl2 is required. We have prepared both K2[Sn(pinF)2] 
(2.4) and its fully-encapsulated analog, {K(15C5)2}2[Sn(pinF)2] (2.5). In both cases, 
crystallization of crude solids from THF/hexanes produces colorless crystals, although 
residual SnCl2 proved challenging to separate. The [Sn(pinF)2]2− complexes are 




moisture. In fact, exposing a concentrated solution of the Sn(II) complex to air for several 
hours leads to the precipitation of crystals of the analogous [Sn(pinF)3]3− complex in low 




2.2.2 Structure of [Sn(pinF)3]2− and [Sn(pinF)2]2− complexes 
Compounds 2.1–2.5 have all been characterized with single-crystal X-ray 
diffraction collected and refined by Prof. Arnie Rheingold at University of California, San 
Diego. Important bond lengths and angles are summarized in Table 2.1, and 
crystallographic data collection and refinement parameters are in Table 2.2. The Sn(IV)-
containing anion [Sn(pinF)3]2− (Figure 2.1, left) has been crystallized as three distinct 
analogs differing by counter-cation: Et3NH+ (2.1), K+ (2.2), and K(18C6)+ (2.3). 
Compounds 2.1–2.3 represent the first example of a metal center coordinated to three 
sterically-bulky perfluoropinacolate ligands. Complexes 2.1–2.3 are distorted trigonal 
prisms with O6 coordination around the Sn(IV) center. The average Sn—O bond distances 
are very similar for all of the Sn(IV) complexes: 2.06 Å, 2.04 Å, and 2.05 Å, for 2.1, 2.2, 
  
Figure 2.1. ORTEPs of the [Sn(pinF)3]2− anion in 2.1 (left) and the [Sn(pinF)2]2− anion in 
2.5 (right). Counter-cations and solvent molecules omitted for clarity. Ellipsoids are 




and 2.3, respectively. Similarly, the maximum and minimum O—Sn—O bond angles are 
similar for all three compounds, with maximum O—Sn—O bond angles spanning a range 
of 2.8° and minimum O—Sn—O bond angles differing by only 0.6° between the 
compounds. While explicit structural parameterization exists for four- and five-coordinate 
compounds50, 115 (namely, !4 and !5, respectively), a related parameterization, known as the 
twist angle, is available for six-coordinate compounds.116 Twist angle is defined as the 
displacement in alignment of the ligand groups, where 0° indicates a perfectly-aligned 
(octahedral) configuration and 60° indicates a completely staggered (trigonal prismatic) 
configuration. Calculation of the twist angle for the six-coordinate Sn(IV) complexes 
indicates that all complexes are distorted trigonal prisms, with the twist angles ranging 
from 31.2° to 34.0°, intermediate between an octahedron and trigonal prism.  
 
Table 2.1. Selected bond distances (Å) and angles (°) for Sn-pinF complexes. 










Sn-O(1) 2.0620(15) 2.039(2) 2.070(2) 2.298(2) 2.2385(16) 
Sn-O(2) 2.0516(15) 2.047(3) 2.042(3) 2.132(2) 2.1209(17) 
Sn-O(3) 2.0536(15) 2.041(3) 2.045(3)   
Sn-O(4) 2.0525(16)  2.043(2)   
Sn-O(5) 2.0620(16)  2.068(3)   



















Table 2.2. Crystallographic data collection and structure refinement parameters for 2.1–2.5. 
 2.1 2.2 2.3 2.4 2.5 
 [Et3NH]2[Sn(pin
F
)3] • 2 
(CH3)2CO 




K2[Sn(pinF)2] • 2 
C4H8O 
{K(15C5)2}2[Sn(pinF)2] 
• 2 C4H8O 
Empirical formula  C36H44F36N2O8Sn C27H18F36K2O9Sn C39H42F36K2O16Sn C60H96F24K2O26Sn C20H16F24K2O6Sn 
Formula weight  1435.42 1367.3 1647.61 1886.25 1005.22 
Temperature (K) 100.0 100.0 100.0 100.0 100.0 
Wavelength (Å) 0.71073  0.71073 0.71073 0.71073 0.71073 
Crystal system  Triclinic Monoclinic Triclinic Monoclinic Monoclinic 
Space group  P1" P21/c P1" C2/c C2/c 
a (Å)  12.3859(9)  10.9460(6) 15.1378(16) 27.5254(11) 16.6806(14) 
b (Å) 14.3035(11) 18.4695(9) 16.2438(16) 10.7470(4) 12.1477(10) 
c (Å) 15.7748(13) 22.0202(11) 16.2454(16) 28.7368(15) 14.6638(13) 
a (°) 82.239(2) 90 99.540(3) 90 90 
b (°) 80.467(2) 93.673(3) 114.932(3) 114.007(2) 95.237(5) 
g (°) 70.003(2) 90 112.822(3) 90 90 
Volume (Å
3
) 2580.6(3)  4442.6(4) 3068.9(5) 7765.4(6) 2958.9(4) 
Z 2 4 2 4 4 
Density (calculated)  
(g･cm–3) 





0.7  1.0 0.7 0.6 1.3 
F(000) 1424 2656 1632 3872 1952 
Crystal size mm
3




Theta range for data 
collection (°) 
1.764 to 28.320 1.440 to 26.484 1.480 to 25.421 1.620 to 26.418 2.077 to 28.361 
Index ranges 
–16 ≤ h ≤ 13, –19 ≤ k ≤ 
15, –21 ≤ l ≤ 21 
–13 ≤ h ≤ 13, 0 ≤ k ≤ 
23, 0 ≤ l ≤ 27 
–18 ≤ h ≤ 14, –19 ≤ k ≤ 
19, –19 ≤ l ≤ 19 
–34 ≤ h ≤ 34, –12 ≤ k 
≤ 13, –26 ≤ l ≤ 35 
–22 ≤ h ≤ 17, –16 ≤ k ≤ 
15, –19 ≤ l ≤ 16 
Reflections collected 34045 13528 47361 24929 11885 
Independent reflections 12802 [Rint = 0.0456] 13528 [Rint = 0.033] 11297 [Rint = 0.0331] 7963 [Rint = 0.0581] 676 [Rint = 0.0648] 
Completeness to theta 
= 25.242° 












Max. and min. 
transmission 
0.563 and 0.519 0.333 and 0.287  0.745 and 0.695 0.746 and 0.683 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-squares 
on F2 
Data/parameters 12802/758 13528/657 11297/850 7963/510 3676/240 
Goodness-of-fit on F2 1.009 1.223 1.117 1.009 1.026 
Final R indices [I > 
2σ(I)] 
R1 = 0.0378, wR2 = 
0.0664 
R1 = 0.0563, wR2 = 
0.1410 
R1 = 0.0413, wR2 = 
0.1084 
R1 = 0.0389, wR2 = 
0.0708 
R1 = 0.0396, wR2 = 
0.0932 
R indices (all data) R1 = 0.0582, wR2 = 
0.0734 
R1 = 0.0723, wR2 = 
0.1474 
R1 = 0.0503, wR2 = 
0.1146 
R1 = 0.0617, wR2 = 
0.0783 
R1 = 0.0511, wR2 = 
0.1013 
Largest diff. peak and 
hole (e･Å–3) 
0.62 and –0.70  0.80 and –1.14 1.60 and –0.48 0.42 and –0.55 0.75 and –0.84 
SQUEEZE   
Found: 35e/uc; 






Each Sn(IV) analog crystallizes with a different number of acetone molecules 
coordinated to the counter-cations. Compound 2.1 crystallizes with two acetone molecules; 
as shown in Figure 2.2, each is hydrogen-bonded to one Et3NH+ counter-cation through the 
interaction of an oxygen atom of acetone to the weakly acidic hydrogen atom of Et3NH+.  
  
 
Figure 2.2. ORTEP of 2.1. Ellipsoids shown at the 50% probability level. Hydrogen 




Uniquely, 2.2 crystallizes with three acetone molecules in which the oxygen atoms 
of two solvent molecules coordinate to a single K+ in a bridging fashion; the remaining 
acetone molecule coordinates the other K+ counter-cation as shown in Figure 2.3. This 
configuration produces a quasi-oligomeric structure.  
 
Figure 2.3. ORTEP of 2.2. Ellipsoids shown at the 50% probability level. Hydrogen atoms 
omitted for clarity. K2[Sn(pinF)3] crystallizes with three equivalents of acetone per 
molecule (effectively 1.5/K+); these solvent molecules are also bound to the K+ counter 
ion of a neighboring Sn center in a repeating pattern. To show this pattern, the coordination 




Finally, 2.3 crystallizes with one acetone molecule coordinated to a single 18-
crown-6-encapsulated K+ counter-cation (Figure 2.4). As confirmed via elemental analysis, 
upon placing the complexes under vacuum, 2.1 and 2.2 retain their solvent coordination 
while 2.3 desolvates quickly, presumably due to the reduced Lewis acidity of the K+ cation 
upon encapsulation by the crown ether.  
 
 
Figure 2.4. ORTEP of 2.3. Ellipsoids shown at the 50% probability level. Hydrogen 
atoms omitted for clarity. {K(18C6)}2[Sn(pinF)3] crystallizes with a single equivalent of 
acetone per molecule, coordinated to one of the {K(18C6)}+ counter ions; the other 
{K(18C6)}+ moiety bridges two units of 3 via K⋯F interactions in a repeating pattern. To 




In comparison, the Sn(II) compounds K2[Sn(pinF)2] (2.4) and its fully-encapsulated 
cation equivalent, {K(15C5)2}2[Sn(pinF)2] (2.5), have also been structurally characterized 
(Figure 2.1, right). Both complexes exhibit O4 coordination around the Sn(II) center and 
adopt a distorted square pyramid geometry, owing to the presence of a stereochemically-
active lone pair of electrons on the metal center. The average Sn—O bond distances are 
similar for both Sn(II) complexes: 2.22(8) Å (2.4) and 2.18(6) Å (2.5). Compared to the 
Sn(IV) complexes, the Sn—O bond distances are elongated by approximately 0.15 Å in 
the reduced species, which is expected due to the weakened ligand-metal electrostatic 
interactions in Sn(II) vs Sn(IV). K⋯F interactions between the counter-cation and ligand 
are present in 2.4 but are not observed in 2.5.  
The range of maximum and minimum O—Sn—O bond angles in the Sn(II) 
compounds is more pronounced than that of Sn(IV). The maximum O—Sn—O angle of 
2.5 is 3.26 Å larger than that of 2.4 and the minimum O—Sn—O angle of 2.5 is 1.03 Å 
larger than that of 2.4. This observed expansion of the {SnO4} unit upon encapsulation of 
the counter-cation may be attributed to the absence of K⋯F interactions within the 
molecule. 
The Sn(II) complexes also co-crystallize with solvent molecules as shown in Figure 
2.5. Interestingly, in both cases, Lewis basic O-donor solvent molecules do not interact 
with the Sn(II) center. Instead, 2.4 crystallizes with two THF molecules, each coordinated 
to a single K+ counter-cation. Compound 2.5 co-crystallizes with two THF molecules 







The binding of two bidentate, dianionic ligands to the divalent Sn center in 
[Sn(pinF)2]2− is structurally and electronically unique. Sn(II) complexes with multi-anionic 
ligands are not commonly seen in the literature; most are dimers, polymers, or clusters, and 
overall neutral,117-120 although a Sn(II) complex featuring a single tetradentate corrole 
ligand was synthesized by Yun and coworkers in 2014.121 Other coordination environments 
  
Figure 2.5. ORTEP of the asymmetric units of 2.4 (left) and 2.5 (right), which represent 
half of the K2[Sn(pinF)2] • 2 C4H8O unit and{K(15C5)}2[Sn(pinF)2] • 2 C4H8O unit, 





featuring multiple monoanionic ligands are more likely to promote the formation of 
charged species of divalent Sn; examples include the three-coordinate complex 
[Sn(OC4F9)3]−, which has been reported and crystallized with several counterions,122 and 
[SnCl3]–, which has been used in ionic liquids123, 124 and to stabilize five-coordinate 
platinum.125, 126 Thus, the characterization of [Sn(pinF)2]2− provides a unique opportunity 
to study the coordination environment and electronic structure of Sn(II) imparted by the 





2.2.3 119Sn Mössbauer spectroscopy 
In order to investigate the electronic structure of the complexes, 119Sn Mössbauer 
spectra of microcrystalline−samples of 2.1–2.5 were obtained in collaboration with Prof. 
Rainer Pöttgen and Dr. Steffen Klenner at the University of Münster. The corresponding 
fitting parameters are tabulated in Table 2.3. As shown in Figure 2.6, Sn(IV) complexes 
2.1–2.3 exhibit single signals with isomer shifts around 0.1 mm s–1. The geometric 
environment of Sn in the SnO6 core, which falls between octahedral and trigonal prismatic 
geometry, is comparable to cassiterite, SnO2, which shows an isomer shift of 0 mm s–1.127 
Similar values were summarized by Zuckerman for a variety of tetravalent organotin 
compounds.128 The distortions of the SnO6 cores from an ideal octahedron (ideal cubic 
symmetry) are reflected in the small quadrupole splitting parameters. The experimental 
line width parameters fall in a similar range to previously reported data.128 
 
Table 2.3. Fitting parameters of 119Sn Mössbauer spectroscopic measurements at 6 K. 
 δ / mm∙s–1 ∆EQ / 
mm∙s–1 
Γ / mm∙s–1 Ratio / % 
2.1 [NEt3H]2[Sn(pinF)3] 0.103(3) 0.44(1) 1.00(1) 100 
2.2 K2[Sn(pinF)3] 0.122(1) 0.356(5) 0.927(5) 100 
2.3 {K(18C6)}2[Sn(pinF)3] 0.106(1) 0.468(4) 0.975(6) 100 
2.4 K2[SnII(pinF)2] 3.044(3) 1.698(6) 0.792(9) 92(1) 
SnCl2 4.1* 0.66* 0.9* 8(1) 
2.5 {(15C5)2K}2[SnII(pinF)2] 2.940(1) 2.153(2) 0.863(4) 96(1) 
SnCl2 4.1* 0.66* 0.9* 4(1) 
δ = isomer shift, ∆EQ = electric quadrupole splitting, Γ = experimental line width;  






         
 
 
    
   
Figure 2.6. 119Sn Mössbauer spectra of 2.1–2.5 (top to bottom, left to right). 
Experimental data shown in pink and simulated spectra shown in blue. For 2.4 and 2.5, 




The 119Sn Mössbauer spectra of the divalent complexes 2.4 and 2.5 are shown in 
Figure 2.6 and are quite different than the Sn(IV) complexes. The spectrum of 2.4 was well 
reproduced by a superposition of two sub-spectra in 92:8 ratio, indicating a small amount 
of residual SnCl2 in the sample. The main signal corresponds to the Sn(II) atoms of 
K2[SnII(pinF)2]. The lower Sn valence leads to a substantial shift of the s electron density 
and the isomer shift increases to 3.044(3) mm s–1. The lone-pair character present within 
the distorted SnO4 square pyramids leads to substantial quadrupole splitting of 1.698(6) 
mm s–1. The slightly quadrupole-split signal of the residual SnCl2 was included in the fit 
with fixed parameters taken from the original literature.129, 130 The data for the 
{K(15C5)2}2[SnII(pinF)2] sample is quite similar with a slightly lower isomer shift of 
2.940(1) mm s–1, and again contains a small amount of SnCl2 carried along. The quadrupole 
splitting parameter of 2.153(2) mm s–1 indicates a slightly more asymmetric coordination 





2.2.4 119Sn and 19F NMR spectroscopy 
2.2.4.1 Solution-state 119Sn NMR 
Solution-state 119Sn NMR spectra of 2.1–2.5 in C4D8O (d8-THF) were obtained in 
collaboration with Dr. Todd Alam at Sandia National Laboratory; results are summarized 
in Table 2.4. The chemical shifts observed for the Sn(IV) alkoxides (2.1–2.3) range from 
approximately −480 ppm to −510 ppm. While these shifts are typical of tetravalent Sn 
alkoxides, the difference in shifts among the three complexes was interesting, because they 
differ only by the counter-ion. To explore this phenomenon, the observed chemical shift 
was compared with both the twist angle and average Sn—O bond distance of each complex, 
but such comparison failed to reveal a clear trend. 
 
Table 2.4. Solution-state 119Sn NMR data for 2.1–2.5 at 298 K. 
Complex 119Sn Chemical Shift (ppm) vs. Me4Sn (δ = 0 ppm) 
2.1 [NEt3H]2[Sn(pinF)3] –503.6 
2.2 K2[Sn(pinF)3] –511.2 
2.3 {K(18C6)}2[Sn(pinF)3] –482.4 
2.4 K2[SnII(pinF)2] –435.0 
2.5{(15C5)2K}2[SnII(pinF)2] –500.9, (–140.0) 
The unexpected peak at −140.0 ppm in the spectrum of 2.5 may result from an 






Although the scope of complexes investigated by 119Sn NMR is largely comprised 
of tetravalent Sn species, there has been some investigation of Sn(II) complexes. The 
divalent Sn halides have been well-studied, and their chemical shifts range from 
approximately 0 to 600 ppm. Comparatively, the chemical shifts observed for 2.4 (–435.0 
ppm) and 2.5 (–500.9 ppm) fall nearly 1000 ppm upfield (lower frequency) from the 
classically-studied SnX2, indicating a significantly more electron-shielded Sn environment. 
More recently, several Sn(II) alkoxy- and amido-alkoxy-complexes of various 
coordination number and nuclearity have been characterized via 119Sn NMR. When 
examining the chemical shifts of these compounds (largely compiled by Boyle et al.),131 a 
clear trend emerges—an increase in coordination number around the Sn center results in a 
markedly up-field shift in the NMR resonance, regardless of ligand identity.  
Wang et al. have prepared three-coordinate Sn(II) alkoxy- and amido-alkoxy 
complexes, including the homoleptic dimer [Sn(μ-OSiPh3)(OSiPh3)]2, which exhibits a 
119Sn NMR chemical shift of –338 ppm.132 Boyle and coworkers have prepared two four-
coordinate homoleptic Sn(II) alkoxides complexes, [Sn(μ-oMP)2]∞ (oMP = 2-
methylphenolate) and [Sn (μ-oPP)2]∞ (oPP = 2-isopropylphenolate), with major chemical 
shifts of –412 ppm and –429 ppm, respectively.131 It should be noted, however, that like 
many Sn alkoxides, these complexes exist as bridged polymeric chains rather than 
monomeric complexes. Overall, the exceptionally low frequency 119Sn NMR chemical 
shift observed for monomers 2.4 and 2.5 is likely resultant of the unique binding motif 






2.2.4.2 Variable-temperature (VT) 19F NMR 
The room temperature 19F NMR spectra of complexes 2.1–2.5 contain multiple 
resonances, indicating the presence of several unique fluorine environments within the 
complexes. To further probe this observation, variable-temperature 19F NMR studies were 
also carried out by Dr. Todd Alam at Sandia National Laboratory. As shown in Figure 2.7., 
three 19F environments are present for 2.1–2.3 at low temperature (270 K). Upon heating 
to near room temperature, the two lowest-frequency resonances coalesce to produce a 
spectrum with two peaks. As the temperature is further increased (up to 340 K), these 
resonances ultimately coalesce at 296 K (2.1), 326 K (2.2), and 316 K (2.3). Although the 
exact origin of the multiple fluorine environments remains unclear, we postulate that this 
dynamic averaging most likely stems from a combination of ligand exchange between axial 
and equatorial positions, as well as averaging of rotational configurations of the CF3 
ligands. This exchange appears to be dependent on the counter-cation, with rates of 
exchange for 2.1 > 2.2 ≈ 2.3, determined from the temperatures at which the 19F signals 
coalesce. 
Similar to the Sn(IV) complexes, Sn(II) complex 2.5 exhibits fluxional behavior, 
although two 19F NMR resonances persist even at high temperature; no ultimate 
coalescence is observed. Interestingly, 2.4 does not exhibit fluxional behavior. This is 
perhaps attributed to the presence of strong K⋯F interactions between the counter-cation 
and ligand which restrict ligand movement.  
 







Figure 2.7. Variable-temperature 19F NMR data for 2.1–2.5 (left to right, top to bottom). Asterisks denote signals from small 




2.2.4.3 Solid-state 119Sn magic angle spinning (MAS) NMR 
To further investigate the electronic anisotropy induced by the stereochemically-
active lone pair of electrons residing at the Sn(II) center of [Sn(pinF)2]2−, solid-state 119Sn 
magic angle spinning (MAS) NMR measurements of microcrystalline samples of 2.4 and 
2.5 were also performed at Sandia National Laboratory. The 119Sn MAS NMR spectrum of 
2.4 is shown in Figure 2.8 (left). The isotropic value of –460.7 ppm is shifted from the 
solution-state chemical shift of –435.0 ppm and the chemical shift anisotropy (CSA) 
asymmetry parameter (ηCS) was found to be 0.01. The spectrum of 2.5 (Figure 2.8, right) 
is more complex due to an impurity present in the sample; this same impurity was present 
in solution-state measurements and spectral deconvolution was successfully performed. 
For 2.5 (represented by the blue trace), the isotropic value of –437.1 ppm is shifted from 
the solution-state chemical shift of –500.9 ppm. Similar to 2.4, the asymmetry of the system 
was measured to 0.01.  
  


















2.2.5 Probing the Lewis acidity/basicity of [Sn(pinF)2]2− 
Canonically, coordination complexes of Sn(II) have been of interest due to the 
dichotomous presence of both a stereochemically active lone pair of electrons and an empty 
p orbital at the metal center. Among divalent Sn compounds, [Sn(pinF)2]2− is among a very 
small number of monomeric O-donor complexes with a coordination number greater than 
three and there has been little investigation into their respective reactivities. 
Donaldson and Grimes have suggested that the use of d orbitals to increase the 
coordination of Sn(II) above three is unlikely, due to the comparative energy gaps between 
the s, p, and d orbitals of Sn; the s—d energy gap (−14 eV) is twice as large as the s—p 
energy gap (−7 eV).133 For [Sn(pinF)2]2−, this would imply that the unhybridized p orbital 
must be involved in ligand binding to facilitate the {O4} coordination of the Sn(II) center 
by the bidentate, dianionic (pinF)2− ligand. 
Even from the initial attempts to synthesize [Sn(pinF)2]2−, several intriguing 
observations about the behavior of the complex were noted. Firstly, solutions of 2.4 and 
2.5 seemed to adhere to Celite, making it nearly impossible to filter reactions using filter 
agent. Because Celite is comprised largely of weakly acidic silica and alumina particles, it 
was postulated that the Sn(II) complexes may behave as Lewis bases, rather than a Lewis 
acids. Furthermore, the crystal structures of 2.4 and 2.5 reveal that donor solvents, such as 
THF, co-crystallize with 2.4 and 2.5, but do not interact with the Sn(II) center, further 
suggesting a lack of Lewis acidity. To probe this hypothesis, 2.4 was reacted with several 






Interestingly, [Sn(pinF)2]2− did not create adducts with either Lewis acids (BBr3, 
Et3NH+) or bases (pyridine, triethylamine), evidenced by a lack of change in the 11B or 1H 
NMR spectrum of the resultant product. In fact, addition of Et3NHCl simply resulted in a 
counter-ion exchange reaction, rather than forming a formally Sn(IV) terminal hydride 
complex, in which the original K+ counter-ions were replaced by Et3NH+ and quantitative 
KCl salt was precipitated from solution. Furthermore, addition of pyridine did not lead to 
a Sn(II) complex with pyridine bound at the metal center, but rather, pyridine associated 
with the K+ counter ions. The unexpected stability of [Sn(pinF)2]2− in the presence of acids 
and bases suggests that the Sn(II) lone pair is localized in the 5s orbital, rendering it inert, 
and the Lewis acidity of the vacant p orbital is diminished. In order to further understand 
the stability afforded by the apparently unique electronic structure of [Sn(pinF)2]2−, 
computational analysis was pursued in collaboration with Dr. Ariel Hyre and Dr. James 

































2.2.6 Computational studies 
 As an initial prediction, the Sn(II) center of 2.4 was expected to have a lone pair in 
its 5s orbital and empty 5p orbitals. Natural localized molecular orbital (NLMO) analysis 
confirms that the lone pair orbital is highly localized (approximately 88%) Sn 5s, with a 
further ~9% 5p character (Figure 2.9). Natural bond order (NBO) analysis further suggests 
that the interaction between the ligating oxygen atoms and the Sn center are best described 
as polar covalent or dative, with the density much more localized on the oxygen atoms. 
Corroboration of this hypothesis is provided by bond order analysis, as all three methods 
(Mayer bond order (MBO), Weinberg bond order (WBO), and natural binding index 
(NBI)) found that each of the four Sn—O interactions have bond orders significantly lower 
than unity. Furthermore, the natural electron configuration of the Sn center shows a 
population of 0.80 e in the 5p orbital, while the anionic O atoms of the ligands have 2p 
populations of approximately 5.16 e.	
 
Figure 2.9. NLMO visualization of the lone pair orbital of Sn(II) for 2.4 (left), with a 





Canonical molecular orbital (MO) analysis of 2.4 shows that the lone pair of 
electrons on the Sn(II) center resides in the highest occupied molecular orbital (HOMO), 
and confirms that it is primarily of Sn 5s character, with approximately 15% contribution 
from the 5pz atomic orbital (AO). The rest of the metal’s 5p orbitals are distributed among 
the unoccupied MOs; the lowest unoccupied molecular orbital (LUMO) is of primarily Sn 
5px character and is 4.35 eV higher in energy than the HOMO (Figure 2.10). Although the 





Figure 2.10. Visualizations of the canonical HOMO (left) and LUMO (right) of 2.4. 






The lack of reactivity of [Sn(pinF)2]2− with Lewis acids was further explored by 
comparing the electronic structure and energies of 2.5 with the experimentally observed 
four-coordinate Sn(II) adduct with borane reported by Lappert et al.134 We first note that 
Lappert’s bare monomer has a significantly higher amount of 5p hybridization in the Sn(II) 
lone pair (NLMO, 21%) than 2.5. This would be expected to make the orbital more diffuse 
and capable of interacting with a Lewis acid. Furthermore, the molecular electrostatic 
potentials (MEPs) for the two species (Figure 2.11) reveal a clear region in Lappert’s 
species that is capable of interacting with a Lewis acid, but in [Sn(pinF)2]2− this is not the 
case. This enhanced hybridization and favorable electrostatic interactions observed in 
Lappert’s compound help to rationalize why the largely unhybridized 5s orbital in 
[Sn(pinF)2]2− is so unreactive.  



























Computational analysis of four-coordinate Sn(II) complexes including Sn(saldph) 
(saldph = N,N′-(4,5-dimethyl-1,2-phenylene)bis(salicylideneiminato),135 Sn(trop)2 (trop = 
tropolone), and Sn(malt)2 (malt = maltol)136 reveals that while the Sn 5px orbital is empty 
in these systems as well, the energy of the 5px orbital in [Sn(pinF)2]2− is much higher than 
that observed for the other cases (Table 2.5).  
 
Table 2.5. Calculated 5px energies of four-coordinate Sn(II) complexes. 
Orbital visualization Compound Calculated 5px energy 
  Vandenbergen et al.135 
LUMO+7 
E = 0.9323 eV 
 
 
Barret et al.136 
LUMO+4 
E = 0.2025 eV 
  Barret et al.136 
LUMO+4 
E = 0.4725 eV 
 
[Sn(pinF)2]2− LUMO E = 6.6683 eV 
 




Calculations reveal that F electron density from a nearby CF3 group on the pinF 
ligand is donated into the 5px orbital; this internal mesomeric effect (Figure 2.12) 
effectively raises the energy of the 5px LUMO of [Sn(pinF)2]2−, rendering it energetically 
inaccessible and unreactive toward Lewis bases. Similar calculations for the hypothetical 
[Sn(pinH)2]2− species show that this orbital is even higher in energy than the pinF species, 
likely due to the lack of electron-withdrawing power of the ligands and the resultant 
stronger σ-bonding interactions with the p orbitals on Sn. 
 
 The 119Sn Mössbauer spectroscopic data in Figure 2.6 and Table 2.3 reveal highly 
unusual quadrupole splitting, ∆EQ, for 2.4 and 2.5. Calculations of different structures and 
their attendant 119Sn Mössbauer spectra were undertaken to understand what effect the 
counter-cations could have on the Sn(II) centers and what role the geometry at Sn(II) plays. 
As discussed above, the difference between the X-ray crystal structures of 2.4 and 2.5 
involves the degree of cation interactions and how the anion structure is perturbed by 
 
Figure 2.12. Internal mesomeric effect in 2.4 and 2.5, where electron density from F atoms 




















greater or lesser K+ bonding with the O and F atoms of the pinF ligand. A single O—S—O 
angle ( O2—Sn—O4) was chosen as the measure of distortion around the Sn(II) atom. 
A potential energy surface (PES) for the theoretical uncoordinated dianion 
[Sn(pinF)2]2− is shown in Figure 2.13 (red trace). Two distinct energetic minima for the 
dianion exist, corresponding to O2—Sn—O4 bond angles of approximately 110° and 148°, 
respectively. The experimental structures of the two divalent Sn species 2.4 and 2.5 studied 
in this work lie in different minima. Compound 2.4 has an O2—Sn—O4 angle of 99.3°, 
closer to the higher energy local minimum calculated for the dianion. On the other hand, 5 
has an O2—Sn—O4 angle of 145.1°, a value close to the 148° minimum calculated for the 
dianion. 
Furthermore, ∆EQ as a function of the O2—Sn—O4 bond angle was calculated for 
the theoretical dianion (blue trace). These calculations predict that the quadrupolar splitting 
for 2.4 and 2.5 should be approximately 1.9 and 1.5 mm s–1 respectively, based on the 
actual O2—Sn—O4 bond angles from their crystal structures. While the experimental 
quadrupolar splitting observed for 2.4 (1.698 mm s–1) is lower than the dianion-based 
calculated value, the experimental value of 2.5 (2.153 mm s–1) is much higher. We thus 
conclude that the Mössbauer spectroscopic parameters are far more sensitive to the 
geometry in this higher-energy region of the PES where O—Sn—O angles are less than 
120°. Figure 2.14 shows that after the counter-cations present in {K(15C5)2}2[SnII(pinF)2] 
are introduced, the second, higher-energy minimum observed for [SnII(pinF)2]2− near 140° 
is removed, and the structure is limited to a single conformer that has a quadrupolar 






Figure 2.14. Calculated PES for 2.4 (red trace) with corresponding quadrupolar 
splitting (blue trace). 





























Figure 2.13. Calculated PES for [Sn(pinF)2]2− (red trace) with corresponding quadrupolar 
splitting (blue trace). The corresponding experimentally observed bond 





 Given the sensitivity of the quadrupolar splitting to geometry, particularly at the 
lower O2—Sn—O4 angles, a number of different theories and basis sets were tested for the 
prediction of Mössbauer parameters on the experimental structures of 2.4 and 2.5; a 
summary of these computations can be found in the Tables 2.6 and 2.7 in the experimental 
section. The best agreement was found with ab-initio models. We have calculated the 
quadrupolar splitting as 1.639/1.746 mm s–1 and 1.785/1.853 mm s–1 for 2.4 and 2.5 
respectively at the MP2/DLPNO-CCSD137-141 levels with relaxed/unrelaxed densities. 
Because the experimental trend was reproduced, we can conclude that the experimentally 
observed discrepancy between 2.4 and 2.5 is most likely due to a local effect and not due 
to the extended structure of the system. This is supported by the failure of model that 
embedded the dianions in a 3×3×3 sea of CHELPG point charges to improve upon the 
results. 
A comparison of the calculated 119Sn Mössbauer quadrupole splitting versus the Sn 
electronic structure is informative. Figure 2.15 illustrates how the electronic structure 
changes as the O2—Sn—O4 angle changes. As mentioned above, the Sn(II) center has its 
lone-pair in an orbital predominantly 5s in character. The change in hybridization of this 
orbital is measured by the increase in 5p character. This hybridization reaches a minimum 
(highest amount of 5s character) when the O2—Sn—O4 bond angle is approximately 120°. 
The largest O2—Sn—O4 angle of 145°, in 2.5, also corresponds to the largest ∆EQ, and 
therefore the greatest degree of hybridization at Sn. In 2.4, the angle is smaller, the 
hybridization is less, and the ∆EQ is also smaller. We attribute this enhanced hybridization 




(110°), the closest Sn—F contact is 3.14 Å, while this distance increases to 3.24 Å at the 
global minimum (147°). These increased Sn—F distances are also observed when 
comparing the two experimental structures. As the Sn—F distance lengthens, one would 
expect the energy of the 5py orbital to decrease, and thus increase its ability to hybridize 
the s orbital. This is evidenced by the energy of the 5py orbital at the 110° and 147° 




Figure 2.15. Correlation between the Mössbauer quadrupolar splitting and the 
hybridization of the Sn(II) lone pair orbital for the PES displayed in Figure 2.13. 

























 Our efforts in the synthesis, characterization, and reactivity of metal complexes 
stabilized by highly fluorinated O-donor ligands has largely focused on Earth abundant, 
first-row metals such as Fe, Co, Ni, Cu, and Zn. Recently, we have expanded our scope to 
include complexes of p-block metal, Sn with the perfluoropinacolate ligand (pinF), creating 
monomeric tris-pinF Sn(IV) and bis-pinF Sn(II) complexes. The Sn(IV) anion, [Sn(pinF)3]2− 
has been crystallized and characterized with K+, K(18C6)+, and NEt3H+ counter cations; 
119Sn NMR and Mössbauer spectroscopic measurements reveal that these structures are 
similar to SnO2 (cassiterite). Variable-temperature 19F NMR confirms fluxional behavior 
of the F atoms on the pinF ligand and the rates of exchange are dependent on the presence 
of K⋯F interactions present in each analog.  
 Two versions of the Sn(II) anion [Sn(pinF)2]2− have been prepared, with both K+ 
and {K(15C5)2}+ counter cations. The complexes containing [Sn(pinF)2]2− display 119Sn 
NMR resonances shifted exceptionally upfield compared to other divalent Sn alkoxides, as 
well as unusually large quadrupolar splitting in their respective 119Sn Mössbauer spectra, 
afforded by the highly electron-withdrawing dianionic pinF ligands. MAS 119Sn NMR 
spectra of the Sn(II) complexes corroborate the electronic anisotropy imparted by the 
stereochemically-active lone pair on Sn. [Sn(pinF)2]2− is surprisingly stable towards both 
Lewis acids and bases; calculations reveal that the lone pair is localized in the 5s orbital 







2.4.1 General procedures 
All Sn(IV) complexes were prepared in air; their solvothermal syntheses were 
carried out in Teflon-lined steel autoclaves in a Watlow 982 Cascade Tek programmable 
oven. Synthesis and manipulations of Sn(II) complexes were performed in an N2-filled 
MBraun glove box. For the Sn(IV) complexes, solvents toluene, acetone, and hexanes were 
dried over 3 Å molecular sieves and used without further purification. For Sn(II) 
complexes, anhydrous solvents THF and hexanes were dried in an alumina-based solvent 
purification system (SPS) under Ar, piped directly into the N2-filled dry box, and stored 
over 3 Å molecular sieves. Toluene was dried by refluxing over Na/benzophenone under 
N2, distilling, and storing over 3 Å molecular sieves. SnCl2 was dried by stirring in acetic 
anhydride, filtering, washing with dry Et2O, and drying under vacuum. 15-crown-5 was 
stored over 3 Å molecular sieves under N2. H2pinF was purchased from Oakwood 
Chemicals and stored over 3 Å molecular sieves. The ligand salt, KHpinF was synthesized 
and recrystallized according to an established procedure.113 NMR samples were prepared 
under N2 using CD3CN and C4D8O stored over 3 Å molecular sieves under N2. All other 
reagents were obtained commercially and used with further purification. Elemental 






2.4.2 119Sn Mössbauer spectroscopy 
 119Sn Mössbauer spectroscopic investigations utilized a Ca119mSnO3 source with 
an activity of 5 mCi. The solid samples (500 mg) were placed in PMMA containers, the 
thickness of which was optimized according to Long et al.142 A palladium foil of 0.05 mm 
thickness was used to reduce the Sn K X-rays concurrently emitted by this source. The 
measurement was performed in a continuous flow cryostat system (Janis Research Co, 
LLC) at 6 K. The source was kept at room temperature. Fitting of the spectra was performed 
with the Win Normos for Igor6 software package.143 The counting time was one day for 
each 119Sn spectrum. 
 
2.4.3 1H, 19F, and 119Sn NMR spectroscopy 
1H NMR studies were carried out using a Varian 500 MHz NMR instrument at 298 
K. Chemical shifts were referenced to the resonance of the residual solvent protons. 
Solution-state 119Sn and 19F NMR studies were carried out using a Bruker Avance III 600 
MHz NMR instrument operating at 223.686 and 564.647 MHz for 119Sn and 19F, 
respectively, at 298 K, except for variable temperature 19F measurements, which were 
collected at temperatures ranging from 260 to 340 K. A 5-mm broadband probe with the 
high frequency channel tuned to 19F was utilized with no 1H decoupling employed. The 
direct 1D 119Sn NMR spectra were obtained using single pulse Bloch decay, 19F Globally 
Optimized Alternating Phase Rectangular Pulse decoupling, 10 μs !/2 pulse, 10 s recycle 
delay, with between 128 and 512 scan averages. The 19F NMR spectra were obtained using 




external standard SnMe4 (δ = 0.0 ppm) and the 19F chemical shifts were referenced to the 
external standard CFCl3 (δ = 0.0 ppm). Solid-state 119Sn magic angle spinning (MAS) 
measurements were carried out on a Bruker Avance III 400 MHz NMR instrument using a 
2.5 triple resonance MAS probe spinning at 30 kHz with high power 19F two-pulse phase-
modulated decoupling. Spectra were obtained using 4,000 scan averages with between 2 
and 60 s recycle delays, depending on the relaxation time of each compound. The solid-
state 19F MAS NMR spectra were obtained on a Bruker Avance III 400 MHz NMR 
instrument using a 2.5 triple resonance MAS probe spinning at 20 kHz, with high power 
1H two-pulse phase-modulated decoupling. The 19F MAS NMR spectra were obtained 
using 16,000 scan averages with 2 s recycle delays. The 119Sn MAS NMR chemical shifts 
were referenced to the secondary external reference SnO2 (δ = −603 ppm)144 with respect 
to SnMe4 (δ = 0.0 ppm) and the 19F chemical shifts were referenced to the secondary 





2.4.4 Computational studies 
Gas-phase geometry optimizations were performed at the B3LYP level of theory 
with Gaussian16, Revision A.03.145 The 6-311++G basis set was used for H, C, O, F, and 
K atoms, and Sn was treated with a Def2-TZVPPD/ECP-28 basis.146 Starting coordinates 
for all complexes were obtained from their crystal structures. NBO analysis was carried 
out on gas-phase optimized structures with the NBO 6.0 package147 and Bader analysis148, 
149 as implemented in the 2016 release of the Amsterdam Density Functional (ADF) 
program suite.150, 151 The PBE level of theory was used, and no solvent effects were applied. 
Sn atoms were treated with the all-electron QZ4P basis set and scalar zeroth-order regular 
approximation (ZORA) relativistic corrections as implemented by ADF.152 The SZ basis 
set was used for H, and DZ for all other elements.153 All canonical molecular orbital 
analysis was performed on ADF output from these single-point calculations as well. 
Potential energy surfaces (PES) for the theoretical anion [SnII(pinF)2]2− and 2.5 were 
generated at the TPSSh154, 155/DEF2-TZVP(Sn)/DEF2-SVP(H,C,O,F,[K])156, 157/D3BJ158, 
159/RIJCOSX160-162 level with the ORCA electronic structure package.163-165 The 
quadrupolar splitting along the PES was then evaluated at the TPSS0166/cc-pwCVTZ-
DK(Sn)167/cc-pVTZ-DK(H,C,O,F)168/[DKH-DEF2-TZVP(K)]/DKH2169 level. The 
calibration (Figure 2.16) was done against the set described by Barone, et al.170, 171 
Geometries were optmized at the BP86172, 173/DEF2-SV(P)/D3BJ and TPSSh/DEF2-
TZVP/D3BJ/RIJCOSX levels. Experimental geometries were modified by optimizing the 





Table 2.6. Summary of correlation plots of exp. |ΔE| (mm s–1) vs. calc. values of |V| (AU). 
Method Basis Set Structure Slope SE Intercept SE R2 
BP86 DKH-TZVPP(iv) BP86(i) 0.7280 0.045 0.08129 0.163 0.889 
TPSSh DKH-TZVPP(iv) TPSSh(ii) 0.7216 0.045 0.07969 0.166 0.886 
TPSS0166 DKH-TZVPP(iv) TPSSh(ii) 0.6744 0.041 0.08801 0.161 0.892 
TPSSh DKH-TZVPP(iv) Expt.(iii) 0.7217 0.033 −0.04064 0.125 0.938 
TPSS0 DKH-TZVPP(iv) Expt.(iii) 0.6751 0.030 −0.03725 0.119 0.943 
TPSS0 cc-pwCVTZ-DK(v) TPSSh(ii) 0.6909 0.041 0.05123 0.159 0.897 
TPSS0 cc-pwCVTZ-DK(v) Expt.(iii) 0.6885 0.030 −0.05976 0.119 0.944 
MP2(vi) cc-pwCVTZ-DK(v) Expt.(iii) 0.6474 0.023 0.02941 0.092 0.964 




iii. Hydrogens optimized at the BP86/DEF2-SV(P)/D3BJ level. 
iv. In ORCA parlance, this is the old-DKH-TZVPP174 basis set. 
v. Sn atoms modeled with cc-pwCVTZ-DK167, all other atoms modeled with cc-pVTZ-
DK168. 
vi. Energies evaluated with Grimme’s SCS-MP2175 with RI approximation using the CC-
PVTZ/C176 auxiliary basis set for non-Sn atoms, and ORCA’s AutoAux177 routine for 
Sn. Relaxed densities were used. 
vii. DLPNO-CCSD(T) with unrelaxed densities. Normal PNO thresholds were used. 
 
Table 2.7. Summary of compuational model performance. 
Method Basis Set Structure 2.5 [SnII(pinF)2]2- Δ 
Expt. − − 1.698 2.153 0.455 
TPSSh DKH-TZVPP TPSSh 1.813 1.851 0.038 
TPSS0 DKH-TZVPP TPSSh 1.817 1.824 0.007 
TPSSh DKH-TZVPP Expt. 1.868 1.930 0.062 
TPSS0 DKH-TZVPP Expt. 1.846 1.925 0.079 
TPSS0 cc-pwCVTZ-DK Expt. 1.849 1.940 0.091 
MP2 cc-pwCVTZ-DK Expt. 1.639 1.785 0.146 







Figure 2.16. Calibration curve for computational analysis. 
 DLPNO-CCSD(T)/cc-pwCVTZ-DK//CRYS
 R2 = 0.952 
K2Sn(II)(pinF)2 (exp) = 1.698
Sn(II)(pinF)2 (exp) = 2.153















K2Sn(II)(pinF)2 (V) = 3.07326
Sn(II)(pinF)2 (V) = 3.26117
K2Sn(II)(pinF)2 (Pred) = 1.746 




2.4.5 Synthesis of complexes 
2.1 [Et3NH]2[Sn(pinF)3] • 2 (CH3)2CO. In a Teflon-lined steel autoclave, Sn(OtBu)4 
(0.200 g, 0.486 mmol), Et3N (0.098 g, 0.973 mmol) and H2pinF (0.488 g, 1.460 mmol) 
were suspended in 5 mL of toluene. The autoclave was then sealed and heated to 100°C 
for 8 h. Slow cooling of the reaction autoclave from 100 to 20°C over the course of 8 h, 
followed by further cooling to 5°C for 12 h, led to the precipitation of colorless crystals 
from the reaction mixture. Recrystallization of the initial crystals by layering 
acetone/hexanes at 5°C for 3 days yielded large, X-ray quality colorless needles (0.480 g, 
69% yield). Anal. calcd. for C36H44F36N2O8Sn: C, 30.12; H, 3.09; N, 1.95. Found: C, 30.15; 
H, 2.98; N, 1.98. 1H NMR (CD3CN, 500 MHz), 1.26 ppm (t), 2.11 ppm (s), 3.15 ppm (q), 
6.75 ppm (t); 19F NMR (600 MHz, C4D8O), −69.7 ppm (t, broad), −70.6 ppm (s); 119Sn 
NMR (600 MHz, C4D8O), −511.2 ppm (s). 
 
2.2 K2[Sn(pinF)3] • 3 (CH3)2CO. In a Teflon-lined steel autoclave, Sn(OtBu)4 (0.200 g, 
0.486 mmol), KOtBu (0.109 g, 0.973 mmol) and H2pinF (0.488 g, 1.460 mmol) were 
suspended in 5 mL of toluene. The autoclave was then sealed and heated to 100°C for 8 h. 
Slow cooling of the reaction autoclave from 100 to 20°C over the course of 8 h, followed 
by further cooling to 5°C for 12 h, led to the precipitation of colorless crystals from the 
reaction mixture. Recrystallization of the initial crystals by layering acetone/hexanes at 
5°C for 3 days yielded large, X-ray quality colorless blocks (0.295 g, 49% yield). Anal. 
calcd. for C27H18F36K2O9Sn: C, 23.72; H, 1.33; N, 0.00. Found: C, 23.73; H, 1.16; N, 0.00. 
1H NMR (CD3CN, 500 MHz), 2.16 ppm (s); 19F NMR (600 MHz, C4D8O), −68.8 (s), −70.4 




2.3 {K(18C6)}2[Sn(pinF)3] • (CH3)2CO. In a Teflon-lined steel autoclave, Sn(OtBu)4 
(0.200 g, 0.486 mmol), KOtBu (0.109 g, 0.973 mmol), 18-crown-6 (0.231 g, 0.875 mmol) 
and H2pinF (0.488 g, 1.460 mmol) were suspended in 5 mL of toluene. The autoclave was 
then sealed and heated to 100°C for 8 h. Slow cooling of the reaction autoclave from 100 
to 20°C over the course of 8 h, followed by further cooling to 5°C for 12 h, led to the 
precipitation of colorless crystals from the reaction mixture. Recrystallization of the initial 
crystals by layering acetone/hexanes at 5°C for 3 days yielded large, X-ray quality colorless 
blocks (0.415 g, 58% yield). Anal. calcd. for C42H48F36K2O18Sn: C, 29.30; H, 2.81; N, 0.00. 
Found: C, 29.10; H, 2.70; N, 0.00. 1H NMR (CD3CN, 500 MHz), 3.59 ppm (s); 19F NMR 
(600 MHz, C4D8O), −68.5 (s), −70.3 (t, broad); 119Sn NMR (600 MHz, C4D8O) −503.6 
ppm (s). 
 
2.4 K2[Sn(pinF)2] • 2 C4H8O. In a N2-filled drybox, KHpinF (0.250 g, 0.672 mmol) and 
KOtBu (0.075 g, 0.672 mmol) were combined in 4 mL of THF, yielding a translucent, 
colorless solution. After stirring for 30 min, SnCl2 (0.064 g, 0.336 mmol) dissolved in 
minimal THF was added to the solution dropwise. Immediately, the solution became hazy 
and pale yellow. After stirring for 6 h, the solution was dried under vacuum and triturated 
twice with toluene. The resulting pale solid was redissolved in minimal THF and filtered 
to remove KCl. The resulting pale yellow filtrate was layered with hexanes and stored at 
−28°C for 5 days, yielding colorless X-ray quality plates (0.138 g, 41% yield). Anal. calcd. 
for C12F24K2O4Sn: C, 16.74; H, 0.00; N, 0.00. Found: C, 16.84; H, 0.00; N, 0.10. 19F NMR 





2.5 {K(15C5)}2[Sn(pinF)2] • 2 C4H8O. In a N2-filled drybox, KHpinF (0.250 g, 0.672 
mmol) and KOtBu (0.075 g, 0.672 mmol) were combined in 4 mL of THF, yielding a 
translucent, colorless solution. After stirring for 30 min, 15-crown-5 (0.296 g, 1.344 mmol) 
was added directly to the solution and the solution stirred for 1 h. SnCl2 (0.064 g, 0.336 
mmol) dissolved in minimal THF was added to the solution dropwise. Immediately, the 
solution became cloudy white. After stirring for 6 h, the solution was dried under vacuum 
and triturated twice with toluene. The resulting pale solid was redissolved in minimal THF 
and filtered to remove KCl. The resulting pale off-white filtrate was layered with hexanes 
and stored at −28°C for 2 days, yielding colorless X-ray quality needles (0.206 g, 33% 
yield). Anal. calcd. for C52H80F24K2O24Sn: C, 35.85; H, 4.63; N, 0.00. Found: C, 35.39; H, 
4.67; N, 0.00. 19F NMR (600 MHz, C4D8O), −72.2 ppm (s), −74.4 ppm (t), −78.9 ppm (s); 






Reversible H-atom Transfer and Ambient Catalytic Oxidative Alcohol 
Dehydrogenation by {V=O} Perfluoropinacolate Complexes 
 
[This chapter is in the final stages of preparation for submission to ACS Catalysis.]  
 
3.1 Introduction 
The production of aldehydes and ketones from primary and secondary alcohols is 
a critical reaction in organic chemistry due to the ubiquity of these moieties in 
pharmaceuticals, consumer products, polymer precursors, and as synthetic feedstocks for 
industrial processes.178 Many alcohol oxidation reactions have been developed (Table 3.1), 
and, to date, stoichiometric reactions using organic oxidants are common practice. For 
example, hypervalent iodine compounds, such as the Dess-Martin periodinane179 and 2-
iodoxybenzoic acid (IBX)180, are commonly used in the laboratory, but their cost and 
potential explosiveness have limited their use on the industrial scale.181 Dimethylsulfoxide 
(DMSO) activated by various electrophiles is employed in the well-known Swern,182-184 
Pfitzner-Moffat,185 Corey-Kim,186, 187 and Parikh-Doering188 oxidations, however these 
reactions may include expensive reagents, stringent reaction conditions, or undesirable 
byproducts. Transition metal-containing compounds have also been used, especially high-
valent Cr compounds such as the Collins reagent (CrO3•2pyr),189 pyridinium 
chlorochromate (PCC),190, 191 pyridinium dichromate (PDC),192 and CrO3/H2SO4 (Jones 
oxidation)193, but the acute toxicity of Cr poses significant health and environmental risks. 
The development of catalytic transition metal complexes capable of utilizing O2 as 




such as H2O or H2O2. A variety of catalytic aerobic alcohol oxidation reactions utilizing 
transition metal complexes have been established, most notably with Pd(II)194, 195 and 
Cu(I)/TEMPO,196-198 although these systems can be subject to catalyst decomposition over 
time or are constrained by the use of stoichiometric additives. 
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In the realm of heterogeneous catalysis, surface-supported V oxides ({VOx}) are 
among the most efficient catalysts for the aerobic oxidative dehydrogenation of both 
alkanes and alcohols.202-216 In these systems, vanadium is deposited onto an oxide support, 
most commonly MgO, Al2O3, ZrO2, TiO2, or SiO2, forming monomeric or polymeric 
{VOx} moieties on the surface (Figure 3.1). The speciation and product distribution of 
oxidative alcohol dehydrogenation (OAD) reactions achieved by supported {VOx} 
catalysts is largely dependent on the pH of the specific support utilized and selectivity can 
be difficult to control, resulting in mixtures of aldehydes/ketones, carboxylic acids, ethers, 
and COx.214, 215 Furthermore, the limited spectroscopic characterization available to 




Figure 3.1. Surface-supported monomeric and polymeric {VOX} units.  





















Soluble oxidovanadium complexes have also been utilized as catalysts for aerobic 
OAD.199, 200, 217 Research to date has largely focused on reactivity of terminal oxo moieties 
in monomeric systems, although work by Mayer et al. concludes that H-atom transfer 
(HAT) to terminal oxo moieties in {V=O} complexes proceeds slowly due to a high 
intrinsic reorganization barrier resulting from structural changes in the molecule upon 
HAT.218 On the other hand, deriving inspiration from heterogeneous systems, the extended 
(µ-O)-bridged structures utilized in {VOx} surface chemistry are a promising motif for 
HAT. In bridging systems, the Lewis-basic µ-O sites can serve as proton acceptors and the 
redox-active V center can accept reducing equivalents while circumventing the energetic 
barrier associated with HAT to a terminal {V=O} moiety that rearranges.  
Limberg and coworkers have explored this concept with (µ-O)-bridged V dimers 
featuring incompletely condensed silsesquioxane,219-221 calixarene,222-224 thiacalixarene,201 
and thiobisphenol225, 226 ligands. Not only do these systems catalyze OAD, but mechanistic 
investigations have been carried out that corroborate Mayer’s findings concerning the 
relative HAT reactivities of terminal versus bridging oxo moieties. Studies of the {V=O} 
thiacalixarene system revealed that upon dissolution, the (µ-O)-bridged V(V) dimer enters 
into an equilibrium with a monomeric form, and experiments confirm that the dimeric 







Recent work by Doerrer and coworkers has focused on the formation of Earth-
abundant transition metal complexes featuring oxidatively robust highly fluorinated 
alkoxide ligands.40-48, 75, 113, 228 As weak !-donors, these ligands are significantly less 
nucleophilic than their hydrogenated counterparts and can be air- and water-stable. In this 
chapter, we report a group of monomeric and dimeric V(IV) and V(V) complexes of 
perfluoropinacolate, (pinF)2−. The monomeric V(IV) complex (Me4N)2[V(O)(pinF)2] (3.1) 
was prepared in water under ambient conditions. Recrystallizations of 3.1 left in air over 
long periods of time led to the unexpected formation of the dimeric complex 
(Me4N)2[V2(O)2(μ-O)2(pinF)2] (3.3a) in low yield. The V(V) dimer 3.3a features two 
oxidized V centers bridged by two (μ-O)2 units, a scaffold primed for HAT and OAD, as 
demonstrated by Limberg’s important precedent. Herein, the synthesis, spectroscopic 
characterization, and OAD reactivity of {V=O}-pinF complexes under mild, ambient 







3.2 Results and Discussion 
3.2.1 Synthesis of complexes 3.1, 3.2, 3.3a, and 3.4a 
The syntheses of vanadium perfluoropinacolate complexes 3.1−3.4 are shown in 
Scheme 3.1, expanding prior efforts by former Doerrer Group members, Joshua Nelson 
and Samantha Carter. The synthesis of 3.1 was carried out in a mixture of H2O/MeOH 
under ambient conditions, similar to the procedure originally carried out by Willis.229 In 
crystalline form, 3.1 is markedly air- and water-stable. Interestingly, when solutions of 3.1 
were left open to air over the course of several weeks, the formation of several bright 
yellow crystalline blocks amongst the blue needles of 3.1 was observed. Single-crystal X-
ray diffraction analysis revealed this yellow species to be the bis-μ-O-bridged V(V) dimer, 
3.3a. The transformation of (Me4N)2[V(O)(pinF)2] (3.1) to (Me4N)2[V2(O)2(μ-O)2(pinF)2] 
(3.3a) is not quantitative with respect to the ligand, requiring the formal loss of one 
equivalent of (pinF)2− ligand per V center. The direct, deliberate synthesis of 3.3a, however, 
can be achieved using reaction conditions similar to those used for 3.1 and employing H2O2 
in CH3CN as an exogenous oxidant. This oxidation process was quite exothermic, likely 
due to the reaction of CH3CN and H2O2 to form peroxyacetimidic acid (PAIA), a strong 
































































































 While 3.3a is air- and water-stable, attempts to synthesize 3.3a in other polar 
solvents such as acetone, THF, and 1,2-dimethoxyethane (DME) were unsuccessful, 
resulting in low yields of pale yellow oils. Furthermore, dissolving crystalline 3.3a in these 
solvents caused apparent transformation of the bright yellow complex into pale yellow oily 
solids with reduced solubility. While attempts to isolate and characterize the unexpected 
product(s) were unsuccessful, we hypothesize that polar, O-donor solvents may coordinate 
to the oxophilic V centers, effecting the cleavage of the bis-μ-O bridge to form two 
monomeric V(V) centers with two terminal oxo moieties (Scheme 3.2).  
Marzilli and coworkers observed a similar phenomenon when N-donor ligands 
were introduced to the non-fluorinated osmium pinacolate complex, [Os2(O)2(µ-
O)2(pin)2].232  Addition of monodentate N-donor ligands such as pyridine induced the 
monomerization of their Os(VI) dimer resulting in the formation of octahedral monomeric 
complexes containing two terminal oxo groups and two equivalents of pyridine. While 3.3a 
is stable in the presence of CH3CN and triethylamine, O-donor solvents seem to effect a 

























































Figure 3.2. 19F NMR spectra of 3.3a in various solvents compared to 3.2 in CD3CN. 
(a) Dimer 3.3a in CD3CN 
(b) Dimer 3.3a in (CD3)2CO 
(c) Dimer 3.3a in (CD3)2SO 




19F NMR studies of 3.3a in several O-donor solvents corroborate this hypothesis 
(Figure 3.2). As will be discussed in detail later, dimeric{V=O}-pinF species exhibit four 
19F resonances, while {V=O}-pinF monomers display two. The 19F NMR spectrum of 
dimer 3.3a in d3-acetonitrile reveals the expected four peaks, whereas in d6-DMSO, a 
monomeric species similar to the V(V) complex (Me4N)[V(O)(pinF)2] (3.2) (vide infra) is 
present. Interestingly, in d6-acetone, the spectrum of 3.3a displays both monomeric/dimeric 
character (three resonances), suggesting an equilibrium between the two forms. Except in 
the case of very strong O-donor solvents (such as DMSO), this monomerization is 
reversible and redissolving the monomeric form of 3.3a in CH3CN reforms the original 
dimeric complex. 
The isolation and relative stabilities of 3.1 and 3.3a suggested that a monomeric 
V(V) perfluoropinacolate complex, 3.2, might be isolated in the absence of O2. Indeed, 
under N2, addition of Ag+ to 3.1 in CH3CN and subsequent recrystallization yielded orange 
blocks of 3.2. While crystalline samples of 3.2 are air-stable for several hours, exposing 
solutions of 3.2 to O2 results in the rapid formation of 3.3a in low yield, confirmed via X-
ray crystallographic analysis. Reaction of 3.3a with H-atom donors such as fluorenol and 
TEMPOH resulted in the formation of 3.4a, a reduced V(IV) dimer bridged by two bis-μ-









Figure 3.3. ORTEPs of the anions of (Me4N)2[V(O)(pinF)2], 3.1 (top) and 
(Me4N)[V(O)(pinF)2], 3.2 (bottom). Counter cations omitted for clarity. Ellipsoids shown 




X-ray crystal structures for 3.1, 3.2, 3.3a, 3.3b, and 3.4b were obtained by Prof. 
Arnold Rheingold at University of California, San Diego. Important metrical parameters 
for monomers 3.1 and 3.2 are summarized in Table 3.2; crystallographic data collection 
and refinement parameters for all compounds are collated in Table 3.4. The molecular 
structure of the anion of 3.1 is shown in Figure 3.3 (top). The five-coordinate V(IV) center 
is coordinated by a single terminal oxo moiety and two bidentate (pinF)2− ligands with a 
distorted square pyramidal geometry (τ5 = 0.20).50 The bond length between V and the 
terminal oxygen is 1.61 Å and the average V—O distance between the V center and the 
(pinF)2− ligand is 1.96(1) Å with the orientation of each ligand slightly skewed such that 
one side of each chelate ring is slightly longer. The {O4} basal plane lies slightly below the 
V center.  The O(pinF)—V=O bond angles in 3.1 range from 103 to 110° and within the 
ligand, adjacent O(pinF)—V—O(pinF) bond angles span 80 to 92° and transverse 
O(pinF)—V—O(pinF) bond angles span 141 to 153°, distorting the complex from 
approximate C4v symmetry. 
Complex 3.2 (Figure 3.3, bottom) crystallizes with two crystallographically 
independent molecules in the asymmetric unit; crystallographic data for only one of the 
two anions are included in Table 3.2. Similar to 3.1, the five-coordinate V(V) center is 
coordinated to a single terminal oxo moiety and two bidentate (pinF)2− ligands; the 
geometry of the complex lies between square pyramidal and trigonal bipyramidal (τ5 = 
0.50).50 The V=O bond length is 1.58 Å and the average V—O distance between the V 
center and alkoxide O atoms is 1.88(2) Å. Compared to 3.1, a decrease of only 0.03 Å in 




the oxidized V center is more evident in the decreased V—O bond distances between the 
metal center and the (pinF)2− ligand. In this complex, the displacement of V from the {O4} 
plane is more pronounced with O(pinF)—V=O bond angles ranging from 98 to 114°, 
compared to the smaller range observed in 3.1. Within the ligand, adjacent O(pinF)—V—
O(pinF) bond angles of 3.2 span from 81 to 94°, a similar range to that of 3.1, while the 








Table 3.2. Selected bond distances (Å) and angles (°) for 3.1 and 3.2. 
 
3.1 3.2 
Selected bond lengths (Å) 
V=O  1.609(3) 1.582(2) 
V—O (pinF) 
V—Oa 1.955(2) 1.864(2) 
V—Ob 1.974(3) 1.899(2) 
V—Oc 1.969(2) 1.870(2) 
V—Od 1.949(2) 1.878(2) 
Selected bond angles (°) 
O(pinF)—V=O 
Oa—V=O 109.95(13) 113.46(11) 
Ob—V=O 103.84(13) 98.01(10) 
Oc—V=O 103.30(12) 99.25(10) 
Od—V=O 109.25(12) 113.95(11) 
O(pinF)—V—O(pinF) 
Oa—V—Ob 80.34(10) 81.00(9) 
Ob—V—Od 91.66(10) 90.21(9) 
Oc—V—Od 80.62(10) 81.08(9) 
Oa—V—Oc 89.25(10) 93.80(9) 
Oa—V—Od 140.77(11) 132.53(9) 
Ob—V—Oc 152.83(11) 162.64(9) 









3.2.3 Structure of dimeric complexes 3.3b and 3.4b 
	
	
Figure 3.4. ORTEPs of {K(18C6)}2[V(O)2(µ-O)2(pinF)2], 3.3b (top) and 
{K(18C6)}2[V(O)2(µ-OH)2(pinF)2], 3.4b (bottom). H atoms, except those in the (μ-OH) 




Although 3.1, 3.2, and 3.3a, were readily synthesized as Me4N+ salts, initial 
attempts to structurally characterize 3.4a were unsuccessful due to significant disorder 
within the crystals. The crystal structure of the V(IV) (μ-OH)2-bridged dimer 3.4b was 
ultimately obtained by employing {K(18C6)}+ as the counter-ion, using the {K(18C6)}+ 
salt 3.3b as starting material. Important metrical parameters for dimers 3.3b and 3.4b are 
summarized in Table 3.3. Overall, the crystal structures of 3.3b and 3.4b (Figure 3.4) reveal 
that the {K(18C6)}+ counter-ion offers K⋯O, K⋯F, and hydrogen bonding interactions that 
are not present in the Me4N+ analogs 3.1 and 3.2. While the introduction of stabilizing 
{K(18C6)}+ counter-cations ultimately allowed for the crystallographic characterization of 
3.4b, Me4N+ analog 3.4a crystallized in much higher yield, and as shown in the 
experimental characterization section, the two analogs are virtually spectroscopically 
identical, except for cation-based 1H NMR signals. Therefore, the Me4N+ derivatives 3.3a 
and 3.4a were used in all reactivity studies.  
Complex 3.3b (Figure 3.4, top) comprises two crystallographically equivalent V(V) 
centers in a nearly perfect square pyramidal configuration (τ5 = 0.02)50, each with a single 
terminal oxo in relative trans disposition and a (pinF)2− ligand, bridged by two (μ-O) 
moieties. Two K+ counter-cations, each encapsulated by one equivalent of 18-crown-6, lie 
symmetrically distributed above and below the dimer, with K⋯O interactions (2.91 Å) 
between K+ and the terminal oxo moiety; furthermore, K⋯F interactions are also present 
between K+ and an F atom on the (pinF)2− ligand (2.85 Å). The average V—O distance 
between the V center and the (pinF)2− ligand is 1.94(1) Å while the average V—(μ-O) 




in 3.2. The V2O2 bridge is nearly perfectly symmetrical with a V—O—V bond angle of 
96° and O(μ-O)—V=O bond angles of 107 and 108°; the distance between the two V 
centers is 2.71 Å. The (pinF)2− ligands are tilted downward from the V2O2 plane with 
O(pinF)—V=O angles of 106°. Between adjacent ligands, the two O(pinF)—V—O(μ-O) 
bond angles are very similar (88 and 89°) while the angles between transverse ligands are 
similarly consistent (146 to 147°). The singular O(pinF)—V—O(pinF) internal angle is 80°. 
Complex 3.4b (Figure 3.4, bottom) comprises two crystallographically identical 
reduced V(IV) centers, each binding a single terminal oxo and (pinF)2− ligand, bridged by 
two (μ-OH) moieties. Notably, K⋯O interactions (2.74 Å) between the K+ counter-ions and 
terminal oxo moieties are present, but unlike 3.3b, no close (< 3.0 Å) K⋯F interactions are 
observed. On the other hand, a H-bonding interaction (2.10 Å) between the protons of the 
(μ-OH)2 bridge and an O atom of the crown ether rings is present. Formal addition of H2 
to 3.3b to form 3.4b shifts the K(18C6)+ moieties, resulting in diminished K⋯F interactions, 
but establishing closer K⋯O contacts and H-bonding interactions. As in the case of the other 
{V(IV)(O)pinF}-containing 3.1, the V=O bond length (1.60 Å) remains unaffected by the 
change in oxidation state; the reduction of the V centers is most conspicuously corroborated 
by the elongation of the {V2O2} rhomb. Compared to 3.3b, the average V—(μ-O) bond 
length is increased by 0.15 Å and the distance between the two V centers is expanded by 
0.4 Å. Additionally, a slight lengthening (0.02 Å) of the average V—O bond lengths 
between the V center and the (pinF)2− ligand is observed. The hydrogen bonds between 
each proton of the (μ-OH)2 bridges and an O atom of the crown ether draws the V2(OH)2 




angle and 8° an increase in V—O—V (μ-O) bond angle. Unlike 3.3b, the coordination 
environment around the two V centers in 3.4b deviates from perfect square pyramidal 
geometry (τ5 = 0.17).50 While the two (μ-OH)—V=O bond angles are similar (107 and 
108°), distortion from C4v symmetry arises from the tilting of the (pinF)2− ligand 
downwards with asymmetric O(pinF)—V=O bond angles of 103 and 113°. The O(pinF)—
V—O(μ-O) bond angles between adjacent ligands are similar (90 and 92°) while the bond 
angles between transverse ligands span from 139 to 149°. The singular O(pinF)—V—






Table 3.3: Selected bond distances (Å) and angles (°) for 3.3b and 3.4b. 
 
3.3b 3.4b 
Selected bond lengths (Å) 
V=O  1.598(4) 1.5954(14) 
V—O (pinF) 
V—Oa 1.928(4) 1.9732(12) 
V—Ob 1.947(4) 1.9458(12) 
V—O (μ-O) 
V—Oc 1.790(3) 1.9651(13) 
V—Od 1.844(4) 1.9646(13) 
Selected bond angles (°) 
O(pinF)—V=O 
Oa—V=O 105.73(18) 103.44(6) 
Ob—V=O 105.98(18) 112.89(6) 
O(μ-O)—V=O 
Oc—V=O 107.98(19) 107.65(6) 
Od—V=O 106.71(18) 107.18(7) 
O(pinF)—V—O(pinF) Oa—V—Ob 79.12(15) 81.17(6) 
O(μ-O)—V—(μ-O) Oc—V—Od 83.59(16) 75.92(6) 
O(pinF)—V—O(μ-O) 
Oa—V—Oc 89.82(15) 91.75(5) 
Ob—V—Od 88.67(16) 90.01(5) 
Oa—V—Od 147.37(17) 149.19(6) 
Ob—V—Oc 145.96(17) 139.41(6) 
V—O—V (μ-O)  96.41(16) 104.08(6) 










Table 3.4. Crystal data and structure refinement for 3.1–3.4. 
 3.1 3.2 3.3a 3.3b 3.4b 






Empirical formula  C20H24F24N2O5V C16H12F24NO5V C20H24F24N2O8V2 C36H48F24K2O20V2 C36H50F24K2O20V2 
Formula weight  879.35 805.21 978.29 1436.82 1438.84 
Temperature (K) 100.15 100.0 100.0 100.0 100.0 
Wavelength (Å) 1.54178 0.71073 1.54178 1.54178 1.54178 
Crystal system  Monoclinic Triclinic Triclinic Triclinic Monoclinic 
Space group  P21/c P1" P1" P1" P21/n 
a (Å)  10.5738(3) 11.6975(19) 7.8778(7) 10.8965(12) 13.1476(2) 
b (Å) 21.3250(7) 15.5010(18) 9.8746(8) 11.1764(14) 10.44490(10) 
c (Å) 15.8373 16.099(2) 11.4531(9) 12.2159(14) 19.9596(3) 
a (°) 90 92.484(3) 88.438(6) 72.710(8) 90 
b (°) 99.1010(10) 105.485(4) 69.983(6) 73.868(7) 93.8560(10) 
g (°) 90 111.405(3) 86.141(5) 82.331(7) 90 
Volume (Å3) 3526.14(19) 2586.7(6) 835.21(12) 1362.4(3) 2734.75(6) 
Z, Z’ (if applicable) 4 4, 2 1 1 2 
Density (calculated)  
(g･cm–3) 
1.656 2.068 1.945 1.751 1.747 
Absorption coefficient 
(mm–1) 
3.872 0.589 6.411 5.659 5.639 




Crystal size (mm3)	 0.22 x 0.1 x 0.05 0.3 x 0.29 x 0.27 0.28 x 0.11 x 0.08 0.29 x 0.26 x 0.22 0.29 x 0.25 x 0.21 
Theta range for data 
collection (°) 
3.505 to 68.874 1.329 to 26.026 4.108 to 68.544 3.916 to 68.408 3.908 to 68.470 
Index ranges 
–12 ≤ h ≤ 12, –24 ≤ k ≤ 
21, –16 ≤ l ≤ 19 
–12 ≤ h ≤ 14, –19 ≤ k ≤ 
19, –19 ≤ l ≤ 18 
–8 ≤ h ≤ 9, –11 ≤ k ≤ 
11, –13 ≤ l ≤ 13 
–13 ≤ h ≤ 13, –13 ≤ k ≤ 
13, –14 ≤ l ≤ 14 
–11 ≤ h ≤ 15, –12 ≤ k ≤ 
12, –23 ≤ l ≤ 22 
Reflections collected 33352 40478 9566 22490 18847 
Independent reflections 6428 [Rint = 0.0438] 10189 [Rint = 0.0493] 2991 [Rint = 0.0627] 4864 [Rint = 0.0433] 5001 [Rint = 0.0313] 
Completeness to theta = 
25.242° 












Max. and min. 
transmission 
0.7531 and 0.6491 0.7453 and 0.6788 0.5210 and 0.3264 0.7531 and 0.6301 0.7531 and 0.5980 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data/restraints/ 
parameters 
6428/0/477 10189/0/855 2991/0/257 4864/0/380 5001/0/383 
Goodness-of-fit on F2 1.058 1.023 1.055 1.151 1.033 
Final R indices [I > 
2σ(I)] 
R1 = 0.0557, wR2 = 
0.1446 
R1 = 0.0433, wR2 = 
0.0985 
R1 = 0.0463, wR2 = 
0.1027 
R1 = 0.0622, wR2 = 
0.1810 
R1 = 0.0292, wR2 = 
0.0744 
R indices (all data) R1 = 0.0606, wR2 = 
0.1481 
R1 = 0.0673, wR2 = 
0.1099 
R1 = 0.0619, wR2 = 
0.1113 
R1 = 0.0676, wR2 = 
0.1897 
R1 = 0.0333, wR2 = 
0.0767 
Largest diff. peak and 
hole (e･Å–3) 
0.965 and –0.338 2.317 and –0.826 0.435 and –0.440 1.418 and –0.559 0.552 and –0.341 




3.2.4 Magnetic susceptibility of 3.1 and 3.4b 
The solution-state magnetic susceptibility (μeff) of 3.1 is 1.42(5) μB, slightly lower 
than the d1 spin-only value of 1.73 μB, suggesting some solution instability of the V(IV) 
monomer. The solution-state magnetic susceptibility of V(IV) dimer 3.4b is even lower, 
1.14(1) μB, suggesting substantial antiferromagnetic (AFM) coupling between the two 
V(IV) centers. Variable-temperature SQUID data collected in collaboration with Michael 
Crockett at Boston College (Figure 3.5) are consistent with this behavior, showing some 








Figure 3.5. Variable-temperature SQUID magnetometry of 3.4b; left, Χ vs. T at 0.1 T; 







































3.2.5 1H, 19F NMR spectroscopy of 3.2 and 3.3a 
While the 1H NMR spectra of diamagnetic 3.2 and 3.3a display only a single peak 
corresponding to their Me4N+ counter-cations, their 19F NMR spectra are much richer, as 
shown in Figure 3.6.  
	
	




The 19F NMR spectrum of 3.3a displays four peaks ranging from −70.5 ppm to 
−71.2 ppm. These four features correspond to the four unique CF3 environments present in 
the two possible configurational isomers of 3.3a (Figure 3.7). While in the solid state, X-
ray crystal diffraction data of 3.3a show that the two oxo groups of the V(V) dimer lie anti 
to one another, the 19F NMR spectrum suggests that in solution, a mixture of syn (with ~C2v 
symmetry) and anti (with ~C2h symmetry) forms is present. For each isomer, two CF3 
resonances, proximal and distal to the terminal oxo groups, are observed. The observed 
four-line pattern in the 19F NMR spectrum (S = ½) of 3.3a is analogous to the 1H NMR 
pattern (S = ½) observed for the non-fluorinated osmium pinacolate dimer, [Os2(O)2(µ-
O)2(pin)2], initially studied by Marzilli et al; this isomerism was later corroborated by 
Casey in response to claims that reaction intermediates were responsible for the “extra” 
peaks.232-234 Additionally, the four 19F NMR resonances of 3.3a are split by long-range 
coupling to the NMR-active 51V center (S = 7/2, 99% abundance), although due to the 




Figure 3.7. Configurational isomers of 3.3a. CF3 groups proximal to oxo shown in 



































rather than the expected eight-line pattern,. The 19F NMR spectrum of 3.2 contains two 
peaks at −70.03 ppm and −71.07 ppm, corresponding to the two possible CF3 
configurations within the monomeric {V=O}-pinF species. Similar to 3.3a, the CF3 peaks 









Figure 3.8. UV-visible absorption spectra of {V=O}-pinF complexes in CH3CN; top, 
monomers 3.1 (blue) and 3.2 (orange); bottom, dimers 3.3a (gold) and 3.4a (deep blue). 
● 3.3a  
● 3.4a  
● 3.1  




The UV-visible absorption spectra of 3.1, 3.2, 3.3a, and 3.4a are shown in Figure 
3.8. In the visible range, V(IV) monomer 3.1 displays two d-d transitions at 564 and 624 
nm, as well as a single higher-energy shoulder at 361 nm; similar to the spectrum observed 
by Willis.229 These features exhibit low extinction coefficients as expected for spin-
forbidden electronic transitions within a single d1 center. In contrast, V(V) monomer 3.2 
reveals two intense ligand-to-metal charge transfer (LMCT) bands at 330 and 438 nm; as 
anticipated, no d-d transitions are observed for the oxidized d0 center. The spectrum of 
V(V) dimer 3.3a is quite similar to that of 3.2, with two charge transfer bands at 252 and 
355 nm, although the features are both blue-shifted by about 80 nm. The spectrum of V(IV) 
dimer 3.4a reveals two d-d transitions at 543 and 625 nm, similar to those observed for 3.1. 
Furthermore, a broad feature at 870 nm is present in the spectrum of 3.4a, suggesting inter-
valence charge transfer (IVCT) between the two d1 centers and the transient formation of 







3.2.7 Cyclic voltammetry of 3.1, 3.2, 3.3a, and 3.4a 
 
Figure 3.9. Cyclic voltammograms of {V=O}-pinF complexes (2.5 mM) in CH3CN under 
N2 at 100 mV/s with 250 mM Bu4NPF6 electrolyte; left, monomers 3.1 (blue) and 3.2 
(orange); right, dimers 3.3a (gold) and 3.4a (deep blue). The peak marked with an asterisk 









The cyclic voltammograms of 3.1, 3.2, 3.3a, and 3.4a in CH3CN under N2 are 
shown in Figure 3.9. The voltammogram of 1 displays a single electrochemically reversible 
VIV/V couple at 20 mV (vs. Ag/AgNO3). The reversibility observed for this couple is 
corroborated by the straightforward isolation of 3.2 via Ag+ oxidation of 3.1 under inert 
atmosphere described above with a virtually identical VIV/V redox couple at 20 mV. The 
voltammogram of 3.2 also includes an unexpected feature centered at −255 mV, 
corresponding to the oxidation of small amounts of residual Ag present in the sample. 
Although the presence of Ag was undetectable by elemental analysis, repeated 
recrystallizations of the sample proved unsuccessful in completely eliminating the 
impurity. Cyclic voltammetry measurements of 3.1 in air exhibited the same reversible 
VIV/V redox couple at 20 mV at fast scan rates (over 250 mV/s) (Figure 3.10), but slowing 
the scan rate resulted in a clear loss of reversibility as the oxidation and subsequent 
dimerization of 3.1 to 3.3a via presumed intermediate 3.2 is observable at sufficiently slow 
scan rates, corroborating synthetic observations. This process is predictably irreversible 
due to the formal loss of one equivalent of (pinF)2− ligand per V center and the large 












Figure 3.10. Scan rate dependence studies of the VIV/V couple of 3.1 (2.5 mM in CH3CN) 
in air (left) and under N2 (right) with scan rates ranging from 50 mV/s (red trace) to 1000 





The voltammogram of 3.3a under N2 reveals a quasi-reversible VIV/V redox couple 
at −865 mV. While the presence of this VIV/V redox couple indicates that a dimeric, reduced 
V(IV) bis-μ-O complex, [V(O)(μ-O)(pinF)]24−, may be formed transiently, the broadened 
peak shape suggests a large conformational change in the complex upon reduction in 
aprotic media. While 3.3a displays a single quasi-reversible VIV/V couple at −865 mV, 
reduced V(IV) dimer 3.4a displays a quasi-reversible couple VIV/V at 635 mV and an 
irreversible oxidation at 1125 mV. Experiments truncating the scan windows reveal that 
the oxidation at 1125 mV is dependent on the VIV/V feature at 635 mV, but the feature at 
635 mV is completely independent. Together, these observations suggest that the two 
V(IV) centers in 3.4a are in electronic communication: an initial electrochemical oxidation 
of a single V center within 3.4a alters the redox potential of the other V center. Interaction 
	
Figure 3.11. Randles-Sevcik plots for the scan rate dependence studies shown in Figure 
3.10 confirming that the VIV/V couple of 3.1 is completely reversible under inert 
atmosphere.  
y = -3E-06x - 1E-05
R² = 0.99274





































of the two V centers is further corroborated by the broad IVCT band present in the UV-
visible absorption spectrum of 3.4a (870 nm). Interestingly, the redox features observed in 
the cyclic voltammogram of 3.4a are significantly more positive than the VIV/V couple (near 
0 mV) observed for 3.1, indicating that the dimeric compound is more difficult to oxidize 
and corroborating our observations that 3.4a is stable for some time in the presence of O2. 
To better understand the influence that the (pinF)2− ligand has on the redox potential of 
the V centers in the {V=O}-pinF complexes, the redox potentials measured in this work 
were calculated versus NHE235 and compared to electrochemical data obtained for 
analogous {V=O}-acac complexes studied by Nawi and coworkers.236, 237  
As shown in Scheme 3.3, while 3.1 displays a reversible VIV/V couple at 560 mV 
versus NHE, {V(O)(acac)2} is less readily oxidized, with a reversible VIV/V couple at 1050 
mV, nearly 500 mV greater than that of 3.1. Conversely, the quasi-reversible VIV/V peak 
observed for 3.3a lies at a moderately negative potential of −305 mV compared to the 
irreversible VIV/V couple of {V2(O)2(μ-O)2(acac)2} which lies at over −1000 mV. The 
perfluorinated, dianionic (pinF)2− ligand distinctly modulates the redox potential of the 
{V=O}-pinF complexes, making them both easier to oxidize and easier to reduce compared 
to their {V=O}-acac counterparts. Overall, the tolerance of 3.1 and 3.3a to air and water 
combined with their mild potentials form an optimal combination of stability and reactivity, 







Scheme 3.3. Comparison of VIV/V redox couples of {V=O}-pinF (gray) and 



































































3.2.8 Formation of 3.4a: H-atom transfer to 3.3a 
 
Within 3.3a, the readily reducible V(V) centers combined with the Lewis basic (µ-
O)2 bridging moiety, sparked our interest in [V2(O)2(µ-O)2(pinF)2]2− as a motif for 
hydrogen storage, in which two protons could be installed on the bridges and two reducing 
equivalents could be distributed to the V centers, formally storing an equivalent of H2. 
Thus, the reaction of 3.3a with several H-atom donors was explored (Scheme 3.4; Figure 
3.12). The highly-activated doubly benzylic alcohol fluorenol was initially selected as a 
HAT reagent. The reaction of 3.3a with one equivalent of fluorenol in CH3CN results in 
an initial color change of the solution from yellow to green. Upon continued stirring, the 




Scheme 3.4. Synthesis of 3.4a via (a) oxidative alcohol dehydrogenation, demonstrated 





















































































consistent with formation of 3.4a. The initial color change of the solution suggests two 
possibilities—the solution is simply a mixture of 3.3a (yellow) and 3.4a (blue), or, the 
formation of a green mixed-valent V(IV)/V(V) compound occurs. To probe this 
mechanistic question, the reaction of 3.3a with fluorenol was monitored spectroscopically 
over three hours; the resulting spectra are shown in Figure 3.12(a). Immediately upon 
reaction, a general increase in absorbance in the 400 to 1200 nm range is observed, but as 
the reaction progresses, the formation of two distinct d-d transitions in the visible region 
(543, 625 nm) as well an intense, broad peak in the near-IR regime (870 nm) is detected, 
consistent with the reduction of both d0 V(V) centers to V(IV) via HAT. While the 
formation of a V(IV) dimer is evident, no isosbestic points indicating an intermediate 





For comparison, the reaction of 3.3a with a monoprotic HAT reagent was also 
investigated using TEMPOH (1-hydroxy-2,2,6,6-tetramethyl-piperidine). Whereas 3.3a 
and fluorenol react in 1:1 ratio to form 3.4a, two equivalents of TEMPOH are necessary to 
fully reduce the V(V) dimer. Similar to the reaction with fluorenol, that of 3.3a with two 
equivalents of TEMPOH in CH3CN ultimately yields a deep blue solution, although the 
reaction is much slower, taking approximately twelve hours to go to completion. As shown 
in Figure 3.12(b), the UV-vis-NIR spectra tracing the reaction of 3.3a with TEMPOH are 
identical to those with fluorenol and similarly, no reaction intermediates are observed.  
Additional spectroscopic experiments tracing the reaction of 3.3a with a single 
equivalent of TEMPOH produced spectra identical to those in Figure 3.12 with lower 
absorbance values, indicating the formation of a smaller amount of fully reduced 3.4a, 
	
Figure 3.12. UV-visible absorption spectra showing the formation of 3.4a (dark blue 
traces) from the reaction of 3.3a (gold traces) with (a) fluorenol over 3 h and (b) 




rather than a mixed-valent compound. These results suggest that during the formation of 
3.4a from 3.3a, the initial H-atom abstraction event is the rate-limiting step followed by a 
faster second H-atom abstraction. Spectroscopic studies at low temperatures or faster scan 
rates may be necessary to detect any mixed-valent intermediates. 
 
Preliminary UV-vis kinetic experiments at a single concentration were performed 
to determine the thermodynamic parameters associated with HAT for the reaction of 3.3a 
with fluorenol (Figure 3.13); these measurements were carried out with the guidance of 
Prof. Ebbe Nordlander at Lund University in Sweden. In these experiments, pseudo-first 
order conditions were employed and four temperatures (20, 30, 40, 50°C) were run in 
	
Figure 3.13. Eyring plot for the reaction of 3.3a with fluorenol (1:10) to form 3.4a at a 
single concentration in CH3CN under Ar at 20, 30, 40, and 50°C. 

















triplicate in order to generate an Eyring plot. For each run, 10.0 equivalents of fluorenol 
were added to 1.0 equivalent of 3.3a CH3CN sparged with Ar in a cuvette; UV-vis spectra 
were recorded every five min for 120 min. Using the method of initial rates, ∆S‡ and ∆H‡ 
were determined to be −191 J/mol K and 43.4 kJ/mol, respectively, consistent with a rate-






3.2.9 Reversible H-atom transfer from 3.4a 
To investigate the reversibility of HAT, the reaction of 3.4a with 2,4,6-tri-tert-
butylphenoxy radical (2,4,6-TTPR) was examined (Scheme 3.5(a)). At room temperature, 
no reaction between 3.4a and the H-atom acceptor occurred. However, heating solutions 
of 3.4a with 2,4,6-TTPR to 40°C resulted in a color change to deep green, suggesting at 
least the partial reformation of 3.3a. Interestingly, upon removing the solution from heat, 







Scheme 3.5. (a) HAT from 3.4a to 2,4,6-TTBPR; (b) exposure of 3.4a to air yields 
















































































Unexpectedly, heating 3.4a above 60°C (both with or without 2,4,6-TTPR present) 
resulted in a solution color change from deep blue to purple. Preliminary X-ray diffraction 
data (Figure 3.14) of the crystallized purple product indicate the formation of a trimeric V-
pinF species, {(Me4N)[V(O)(µ-OH)(pinF)]}3. Thus, HAT reactions at higher temperature 
were not pursued in order to preclude trimer formation from 3.4a.  
Although HAT from 3.4a to 2,4,6-TTPR to regenerate 3.3a was ultimately 
unsuccessful, the oxidation of 3.4a to 3.3a was easily accomplished by exposing solutions 
of 3.4a to air (Scheme 3.5(b)). Whereas 3.4a is stable in air for several days in the solid 
state, solutions of 3.4a convert into 3.3a over the course of several hours. The addition of 
small aliquots of H2O to solutions of 3.4a in air result in the immediate formation of a 
yellow solution, which suggests that H2O plays a principal role in the reoxidation process 
by O2. Scheme 3.5(c) shows the crystal-to-crystal transformation of 3.4a to 3.3a after 
approximately 48 h in air, confirmed via X-ray analysis.   
	
Figure 3.14. Preliminary structure of [Me4N]4{[V3(O)3(µ-OH)3pinF)3]2K}, a K+ bridged 
dimer of two trimeric {V(O)(µ-OH)(pinF)} units, resultant from heating 3.4a over 60°C. 




3.2.10 Room-temperature catalytic aerobic alcohol oxidation by 3.3a 
Table 3.5. Catalytic alcohol oxidation by 3.3a. 
 























The stoichiometric reactivity of 3.3a with H-atom donors and the relative stability 
of 3.4a prompted us to investigate whether this system could oxidize alcohols catalytically. 
Table 3.5 summarizes the ability for 3.3a to oxidize a variety of alcohols under ambient 

















reactions, the doubly benzylic alcohol, fluorenol, was chosen as an initial substrate. Under 
these conditions, 3.3a was able to oxidize fluorenol with 82% conversion in 48 h. 
Interestingly, in addition to 9-fluorenone, 2-hydroxy-9-fluorenone was isolated in 
approximately 15% yield as a product of fluorenol oxidation. Although unexpected for this 
system, hydroxylation of the aromatic ring to produce 2-hydroxy-9-fluorenone has been 
similarly observed in the biotransformation of fluorenol by the fungus Cunninghamella 
elegans.238 We attempted direct oxidation of fluorenone to 2-hydroxy-9-fluoreneone using 
3.3a under our standard conditions, however no product formation was witnessed, 
suggesting incorporation of this hydroxyl moiety occurs only during the oxidation of 
fluorenol to fluorenone.  
Additionally, the substrate scope listed in Table 3.5 encompasses allylic, primary 
and secondary benzylic alcohols. Cinnamyl, benzyl, and α-methylbenzyl alcohols were 
oxidized by 3.3a to their corresponding aldehydes/ketones as their sole reaction products 
in 40, 7, and 3% yield, respectively—a range similar to that observed for Limberg’s 
thiacalixarene system.225, 227  
In each case, upon substrate addition, the initial yellow solution of 3.3a 
immediately turned brown/orange; as catalysis progressed, the solution became slightly 
green. These color changes suggest an initial binding event of the substrate at the oxophilic 
V center(s), followed by the transient formation of blue 3.4a during the catalytic process. 
While the aliphatic substrate cyclohexanemethanol did not react with 3.3a, benzylic diol 
1,2-benzenedimethanol immediately formed an orange/brown solution upon addition of 




we hypothesize that the diol coordinates to the oxophilic V center irreversibly such that 
catalysis cannot occur.  
Table 3.6 summarizes a series of reactions carried out in collaboration with 
colleague Douglas Fraser at Boston University to investigate the role of catalyst loading, 
desiccant or other additives, temperature, and reaction time, exemplified for benzyl 
alcohol. In general, an increase in temperature up to 60°C resulted in an increase in the 
production of benzaldehyde, although reactions were largely carried out at room 
temperature due to trimerization of 3.3a at elevated temperatures (vide supra). Larger 
catalyst loadings and the presence of desiccants or other additives resulted in a small 
increase in the yield of oxidized product. Furthermore, reactions carried out under a balloon 


















RT 2 Air 48   7 
RT 2 Air 48 Na2SO4  (0.4 weight eq.) 9 
RT 2 Air 48 MgSO4  (0.4 weight eq.) 8 
RT 2 Air 48 Al2O3  (0.4 weight eq.) 10 
RT 2 Air 48 SiO2  (0.4 weight eq.) 6 
RT 2 Air 48 3 Å sieves  (0.4 weight eq.) 11 
RT 2 Air 48 4 Å sieves  (0.4 weight eq.) 12 
RT 2 Air 24 3 Å sieves  (1.0 weight eq.) 10 
RT 2 Air 24 3 Å sieves  (5.0 weight eq.) 19 
RT 2 Air 24 TEMPO  (2.0 mol %) 6 
RT 2 Air 24 CeCl3•7H2O (2.0 mol %) 0 
RT 2 Air 24 Conc. HCl  (2.0 mol %) 5 
RT 2 Air 24 MeSO3H  (2.0 mol %) 0 
RT 2 Air 24 La(OTf)3  (2.0 mol %) 0 
RT 2 Air 24 Sc(OTf)3  (2.0 mol %) 2 
RT 2 Air 24 P4O10  (2.0 mol %) 4 
RT 2 Air 24 AcOH  (2.0 mol %) 3 
RT 2 Air 24   4 
RT 2 O2 24   5 
40°C 2 Air 48   14 
60°C 2 Air 48   20 
60°C 4 Air 48   22 
60°C 8 Air 48   32 
60°C 2 Air 48 3 Å sieves  (5.0 weight eq.) 53 
60°C 2 Air 96   27 
80°C 2 Air 48   16 





Although the substrate range of 3.3a’s oxidative capability is limited to allylic and 
benzylic alcohols, the system’s selectivity in not forming carboxylic acid-containing 
products is notable as the progressive oxidation of alcohols to aldehydes to carboxylic acids 
is thermodynamically downhill and the isolation of partially oxidized products remains a 
challenging aspect of {VOX} surface chemistry. To investigate further the selectivity of 
our system, 3.3a was dissolved in neat benzaldehyde (approximately 5 mL) and stirred 
open to air. Immediately, off-white crystals of benzoic acid began forming throughout the 
flask and continued stirring produced several grams of the white solid. While 3.3a is clearly 
capable of oxidizing benzaldehyde, and qualitatively at a much a faster rate than benzyl 
alcohol, it does not do so during the catalytic benzyl alcohol oxidations. This result 
corroborates recent work by Sankar and coworkers which revealed that benzyl alcohol 
inhibits the oxidation of benzaldehyde due to the interception of intermediate 
benzoylperoxy radical species by benzyl alcohol.239 
A proposed catalytic cycle for the oxidation of benzylic alcohols to benzaldehydes 
by 3.3a in air is shown in Figure 3.15, exemplified by fluorenol. Initially, 3.3a reacts with 
fluorenol via two HAT steps to yield 3.4a and an equivalent of ketone. The proposed 
reoxidation of 3.4a to 3.3a begins with intermediate formation of an oxidized V(V) (µ-
OH)2 dimer via O2 reduction, concomitant with the transient formation of (O2)2−. The 
peroxide dianion is protonated by the Brønsted acidic (µ-OH)2 bridge, forming H2O2 and 
regenerating 3.3a. Finally, the equivalent of H2O2 formed in situ oxidizes an additional 
equivalent of 3.4a, regenerating 3.3a and producing two equivalents of H2O as the final 










































































Past focus on the synthesis, characterization, and reactivity of first-row transition 
metal complexes stabilized by highly-fluorinated O-donor ligands has recently expanded 
to include V=O complexes containing oxidatively-robust, electron-withdrawing 
perfluoropinacolate (pinF) ligands. Upon exposure to air, monomeric V(IV) and V(V) 
complexes 3.1 and 3.2 eventually form low yields of 3.3a, a (µ-O)2-bridged V(V) dimer, 
although the deliberate synthesis of 3.3a from 3.1 was also achieved by adjusting the V:pinF 
stoichiometry and employing H2O2/CH3CN as an oxidant. The catalytic oxidation of 
several activated benzylic alcohols to the corresponding aldehyde, and benzaldehyde to 
benzoic acid, by 3.3a was observed, proceeding at room-temperature and without the use 
of stoichiometric additives. Stoichiometric HAT to 3.3a from either TEMPOH or activated 
alcohols results in the formation of 3.4a, a (µ-OH)2-bridged V(IV) dimer. The structural 
characterization of [V(O)2(µ-O)2(pinF)2]2− was made possible by utilizing K+ encapsulated 
by 18-crown-6 as counter-cations, which stabilize the system through K⋯O interactions 
between the counter ion and terminal oxo moiety and H-bonding between the µ-OH bridge 
and the crown ether, resulting in 3.4b. Finally, compared to their non-fluorinated V(O)-
acac relatives, 3.1 and 3.3a are both easier to oxidize and reduce, demonstrating the effect 







3.4.1 General procedures 
Compounds 3.1 and 3.3a/b were prepared in air; synthesis and manipulations of 3.2 
and 3.4a/b were performed in an N2-filled MBraun dry box. For the synthesis of 3.1 and 
3.3a/b, deionized H2O and laboratory-grade MeOH were utilized; crystallization solvents 
CH3CN and Et2O were dried over 3 Å sieves and used without further purification. For the 
synthesis of 3.2 and 3.4a/b, CH3CN was dried by refluxing over CaH2 under N2, distilling, 
and stored over 3 Å molecular sieves in the dry box. Anhydrous Et2O was dried in an 
alumina-based solvent purification system (SPS) under Ar, piped directly into the N2-filled 
dry box, and stored over 3 Å molecular sieves. H2pinF was purchased from Oakwood 
Chemicals and stored over 3 Å molecular sieves. Celite was heated to 125°C under vacuum 
overnight and stored under N2. Reagents TEMPOH (1-hydroxy-2,2,6,6-tetramethyl-
piperidine) and TTBPR (2,4,6-tri-tert-butylphenoxy radical) were prepared according to 
established literature procedures.240-242 All other reagents were obtained commercially and 
used with further purification. Standard UV–vis data were collected with a Shimadzu UV-
3600 spectrometer while kinetic data was obtained using UV-visible absorption 
spectroscopy collected with a Cary 300 spectrometer. Elemental analyses were performed 






3.4.2 Cyclic voltammetry 
Cyclic voltammetry studies were performed under N2 using a concentration of 2.5 
mM of each complex and 250 mM of Bu4NPF6 as the supporting electrolyte in anhydrous 
CH3CN. Supporting electrolyte Bu4NPF6 was obtained commercially and recrystallized 
twice from EtOH. A standard three-electrode cell connected to an external CHI 630C 
potentiostat powered by a personal computer with CHI software was used. A glassy carbon 
electrode (0.5 mm diameter) was employed as the working electrode, Ag/AgNO3 electrode 
as the reference electrode, and Pt wire as the counter electrode, respectively. The working 
electrode was rinsed and polished between experiments using polishing alumina and a fine 
grit pad. Unless otherwise noted, all voltammograms were recorded at a 100 mV/s scan 
rate. 
 
3.4.3 1H, 19F NMR spectroscopy and Evans method measurements 
 1H and 19F NMR samples were prepared under N2 using CD3CN stored over 3 Å 
molecular sieves. Measurements were carried out using a Varian 500 MHz NMR 
instrument at 298 K. 1H chemical shifts were referenced to the resonance of the residual 
solvent protons and 19F chemical shifts were referenced to an external standard of CFCl3 
(δ = 0.00 ppm). Solution-state magnetic susceptibilities were determined via Evans method 
in CD3CN, with (Me3Si)2O as an internal reference. Values are reported taking into account 






3.4.4 SQUID magnetometry 
Magnetic susceptibility data for 3.4b were collected with a Quantum Design 
MPMS3 Evercool SQUID magnetometer in the temperature range 2-300 K at applied fields 
of 0.1 T and 0.5 T. Samples were ground into fine microcrystalline powders, packed 
loosely into a polyethylene bag, heat sealed, and inserted into straws (Quantum Design 
#8000-001) under an N2 environment prior to analysis. The absence of ferromagnetic 
impurities was confirmed for by observing a linear relationship between magnetization and 
applied field (0.1-7.0 T) at 100 K. For all measurements, diamagnetic corrections were 
applied by using Pascal’s constants and by subtracting the diamagnetic susceptibility from 
the sample holder.245  
 
3.4.5 UV-vis kinetic studies 
In order to determine the enthalpy of activation (∆H‡) and the entropy of activation 
(∆S‡) for the reaction of 3.3a with fluorenol to produce 3.4a, UV-vis kinetic experiments 
were carried out using a Varian Cary 50 UV-vis spectrophotometer outfitted with a 
temperature-controlled 12-cell block. In order to institute pseudo-first order conditions, 
10.0 equivalents of fluorenol (27.3 mM) were added to 1.0 equivalent of 3.3a (2.73 mM) 
in 2.5 mL anhydrous CH3CN in a cuvette sparged with Ar. UV-vis spectra were recorded 
every five min for 120 min. Measurements were repeated in triplicate at four temperatures 
(20, 30, 40, 50°C). Using the method of initial rates, an Eyring plot was generated in order 





3.4.6 Catalytic alcohol oxidation reactions 
The ability of 3.3a to catalyze the oxidation of alcohols, including fluorenol, 
cinnamyl alcohol, benzyl alcohol, α-methylbenzyl alcohol, cyclohexanemethanol, and 1,2-
benzenedimethanol, at room-temperature under ambient conditions was investigated as 
follows: Initially, 50 equivalents of alcohol were dissolved in 4.0 mL of CD3CN in a 
scintillation vial; an aliquot of solution was used to obtain an 1H NMR spectrum in order 
to confirm the purity of the starting alcohols, due to the susceptibility of several of the 
substrates to autoxidize in air. Subsequently, the aliquot was returned to solution and a 
single equivalent of 3.3a (5.0 mg, 5.1 μmol) in 1.0 mL of CD3CN was added to the solution. 
The solutions were stirred open to air for 48 h and, due to the evaporation of CD3CN over 
time, portions of CD3CN were added at regular intervals to maintain total solution volume 
of 5 mL. After 48 h, an 1H NMR was obtained in order to determine percent conversion. 
For fluorenol and cinnamyl alcohol, isolated yields were also calculated after 
chromatographic purification of the reaction mixture as specified in the supplementary 
information.  
 
3.4.7 Synthesis of complexes 
3.1 (Me4N)2[V(O)(pinF)2]. V(O)SO4•xH2O (0.150 g, 0.920 mmol) was dissolved in 6 mL 
of a 5:1 H2O:MeOH solution, yielding a blue solution. H2pinF (0.615 g, 1.840 mmol) was 
added directly to the solution and the reaction mixture stirred for 20 min. Me4NOH•5H2O 
(0.667 g, 3.681 mmol) was dissolved in 8 mL of H2O and half of the solution was added 




the remainder of the base solution was added dropwise and the reaction mixture stirred for 
6 h, forming a pale blue precipitate. The pale blue solid was collected on a frit and rinsed 
thoroughly with H2O. Bright blue needles (0.343 g, 42% yield) were grown by layering 
CH3CN/Et2O at 5°C. UV-vis (CH3CN) (!max, nm (", M−1 cm−1)): 361 (42), 564 (23), 624 
(25). Anal. calcd. for C20H24F24N2O5V: C, 27.32; H, 2.75; N, 3.19. Found: C, 27.41; H, 
2.83; N, 3.45. μeff (CD3CN) = 1.42(5) μB. IR: #V=O = 967 cm−1. 
 
3.2 (Me4N)[V(O)(pinF)2]. In a N2-filled glove box, 3.1 (0.300 g, 0.341 mmol) was 
dissolved in 8 mL of CH3CN, yielding a blue solution. AgPF6 (0.104 g, 0.409 mmol) was 
dissolved in 2 mL of CH3CN and added dropwise to the stirring solution of complex. The 
reaction mixture was stirred in the dark for 6 h, affording a cloudy orange solution. The 
solution was concentrated under vacuum to 3 mL and filtered through Celite, yielding a 
translucent, bright yellow/orange solution. Bright orange blocks (0.196 g, 71% yield) were 
grown by layering CH3CN/Et2O at −28°C. UV-vis (CH3CN) (!max, nm (", M−1 cm−1)): 330 
(6137), 438 (3985). Anal. calcd. for C16H12F24NO5V: C, 23.87; H, 1.50; N, 1.74. Found: 
C, 23.89; H, 1.31; N, 1.75. 1H NMR (CD3CN, 500 MHz), 3.05 ppm (s); 19F NMR (CD3CN, 
500 MHz), −70.3 ppm (m), −71.1 ppm (m). IR: #V=O = 1011.13 cm−1. 
 
3.3a (Me4N)2[V2(O)2(μ-O)2(pinF)2]. V(O)SO4•xH2O (0.200 g, 1.227 mmol) was dissolved 
in 6 mL of a 5:1 H2O:MeOH solution, yielding a blue solution. H2pinF (0.409 g, 1.227 
mmol) was added directly to the solution and the reaction mixture stirred for 20 min. 




solution was stirred for several minutes and added dropwise to the reaction mixture, 
forming an indigo solution and a sticky deep blue precipitate. 4 mL of CH3CN and an 
excess of H2O2 (30% aq. solution, 10 drops) was added to the reaction mixture over 20 min 
and the solution became cloudy green. Upon concentrating the solution at 100°C, a bright 
yellow solid precipitated, leaving behind a pale blue solution. The yellow solid was 
collected on a frit and rinsed thoroughly with H2O. Bright yellow crystalline needles (0.672 
g, 56% yield) were grown by layering CH3CN/Et2O at 5°C. UV-vis (CH3CN) (!max, nm (", 
M−1 cm−1)): 252 (7062), 355 (2402). Anal. calcd. for C20H24F24N2O8V2: C, 24.56; H, 2.47; 
N, 2.86. Found: C, 24.86; H, 2.40; N, 2.88. 1H NMR (CD3CN, 500 MHz), 3.11 ppm (s); 
19F NMR (CD3CN, 500 MHz), −70.5 ppm (m), −70.7 (m), –71.0 (m), –71.2 (m). IR: #V=O 
= 981 cm−1. 
 
3.3b {K(18C6)}2[V2(O)2(μ-O)2(pinF)2]. V(O)SO4•xH2O (0.200 g, 1.227 mmol) was 
dissolved in 6 mL of a 5:1 H2O:MeOH solution, yielding a blue solution. H2pinF (0.409 g, 
1.227 mmol) was added directly to the solution and the reaction mixture stirred for 20 min. 
KOH (0.138 g, 2.454 mmol) was dissolved in 5 mL of H2O and 18-crown-6 (0.324 g, 1.227 
mmol) added. The solution was stirred for several minutes and added dropwise to the 
reaction mixture, forming an indigo solution and a sticky deep blue precipitate. 4 mL of 
CH3CN and an excess of H2O2 (30% aq. solution, 8 drops) was added to the reaction 
mixture over 20 min and the solution became cloudy green. Upon concentrating the 




The yellow solid was collected on a frit and rinsed thoroughly with H2O. Bright yellow 
crystalline blocks (0.758 g, 43% yield) were grown by layering CH3CN/Et2O at 5°C.  
Anal. calcd. for C36H48F24K2O20V2: C, 30.09; H, 3.37; N, 0.00. Found: C, 30.08; H, 3.39; 
N, 0.00. 1H NMR (CD3CN, 500 MHz), 3.71 ppm (s); 19F NMR (CD3CN, 500 MHz), −70.3 
ppm (m), −70.5 (m), –71.1 (m), –71.1 (m). 
 
3.4a (Me4N)2[V2(O)2(μ-OH)2(pinF)2]. In a N2-filled glove box, 3.3a (0.300 g, 0.307 
mmol) was dissolved in 6 mL of CH3CN, yielding a bright yellow solution. Fluorenol 
(0.031 g, 0.307 mmol) was dissolved in 3 mL of CH3CN, added to the stirring solution of 
complex, and the solution stirred for 3.5 h. The resultant deep indigo-blue solution was 
dried under vacuum and the resulting sticky blue solid was triturated thrice with Et2O, 
stirred in CH2Cl2 to extract the fluorenone byproduct, and collected on a frit. The pale blue 
solid was redissolved in minimal CH3CN and filtered through Celite, yielding a deep blue 
solution. Pale blue needles (0.168 g, 56% yield) were grown by layering CH3CN/Et2O at 
room temperature. UV-vis (CH3CN) (!max, nm (", M−1 cm−1)): 543 (283), 625 (315), 870 
(542). Anal. calcd. for C22H29F24N3O8V2: C, 25.87; H, 2.86; N, 4.11. Found: C, 26.12; H, 
2.70; N, 3.72. IR: #V=O = 963 cm−1. 
 
3.4b {K(18C6)}2[V2(O)2(μ-OH)2(pinF)2]. In a N2-filled glove box, 3.3b (0.240 g, 0.167 
mmol) was dissolved in 5 mL of CH3CN, yielding a bright yellow solution. Fluorenol 
(0.030 g, 0.167 mmol) was dissolved in 2 mL of CH3CN, added to the stirring solution of 




dried under vacuum and the resulting sticky blue solid was triturated thrice with Et2O, 
stirred in CH2Cl2 to extract the fluorenone byproduct, and collected on a frit. The pale blue 
solid was redissolved in minimal CH3CN and filtered through Celite, yielding a deep blue 
solution. Pale blue needles (0.087 g, 36% yield) were grown by layering CH3CN/Et2O at 
room temperature. UV-vis (CH3CN) (!max, nm (", M−1 cm−1)): 548 (290), 635 (338), 875 
(560). Anal. calcd. for C36H50F24K2O20V2: C, 30.05; H, 3.50; N, 0.00. Found: C, 30.27; H, 











 In the realm of inorganic chemistry, the synthesis and characterization of Mn 
complexes supported by an all-O-donor ligand environment has long been of interest in 
order to understand one of the most ubiquitous catalytic reactions that supports and sustains 
life—the oxidation of H2O to O2 by the oxygen evolving complex (OEC) of photosystem 
II (PSII). Within the OEC, this oxidation process is carried out by a tetranuclear 
{Mn3O4Ca} cubane with one additional dangler Mn atom (Figure 4.1). While extensive 
efforts have resulted in the structural characterization of the {Mn4O5Ca} cluster246 and 
progress has been made towards a mechanistic understanding of the OEC,1, 247-253 the 
pursuit of biomimetic Mn-based water oxidation catalysts (WOCs) remains a central focus 
of the field.  
	


















As discussed in Chapter 1, highly-fluorinated alkoxide ligands (ORF) offer several 
advantages in the isolation of soluble, monomeric {MORm}n− species. Firstly, the reduced 
basicity of the ORF ligands, effected by the highly electron withdrawing nature of fluorine, 
prevents the formation of OR-bridged extended structures. Furthermore, the lack of C—H 
bonds in the ligand framework is ideal for stabilizing high metal oxidation states and 
resisting decomposition in highly oxidizing environments. Capitalizing upon these 
characteristics, the Doerrer Group has synthesized and characterized a series of divalent 
and trivalent Mn complexes supported by the bidentate, dianionic perfluoropinacolate 
(pinF) ligand, as shown in Figure 4.2. 
Four-coordinate divalent Mn-pinF compound [Me4N]2[MnII(pinF)2] (4.01) was 
isolated under a N2 atmosphere by former Doerrer Group member Dr. Jennifer Steele. 
Under ambient conditions, a succession of efforts by Alexandra Long, Chen Sun, Ellen 
Laaker, Yueli Chen, and Jacob Henebry resulted in a series of five-coordinate trivalent Mn-
pinF compounds with either an L-type (H2O, THF) (4.03, 4.04) or X-type (CH3COO) ligand 
(4.05) bound in the axial position. Compound 4.06, a five-coordinate carbonate-bridged 
Mn(III) dimer, was also obtained by Chen Sun. Although not further discussed herein, 
complexes 4.05 and 4.06 are hypothesized to result from the transient formation of a 
highly-reactive {MnIII(OH)(pinF)2}2− species, formed when over four equivalents of base 
are employed in the synthesis of A[MnIII(pinF)2(L)]. Most recently, the square-planar ($4 = 
0.00)115 trivalent Mn complex {K(18C6)}[MnIII(pinF)2] (4.02) was isolated by Shawn 




 To expand the repertoire of Mn-pinF compounds studied by the Doerrer Group, Dr. 
Christopher Kotyk and Jacob Henebry attempted to exchange the cation of 
{K(H2O)}[MnIII(pinF)2(H2O)] (4.03) with divalent Lewis-acid Ca2+ which resulted in the 
unexpected precipitation of a hexanuclear Mn cluster, {Mn6(OK(THF))4(OH)4(pinF)6}, 
abbreviated {Mn6} (4.1). While 4.1 is largely insoluble in H2O, precluding its potential as 
	
 




























A = {K(H2O)}+, {K(H2O)2(DME)}+
A[MnIII(THF)(pinF)2]









































































a structurally biomimetic WOC, our attention was shifted to understanding the magnetic 
properties of this cluster as a potential single-molecule magnet. 
The development of single molecule magnets (SMMs), defined as compounds that 
display superparamagnetic behavior below a critical blocking temperature, TB, is a 
burgeoning area of research due to their potential application in magnetic memory, 
quantum computing devices, and nano-scale electronics. The first SMM, 
[Mn12(O)12(O2CMe)16(H2O)4], referred to as {Mn12}, was isolated in 1991.255-257 While 
other first-row transition metals have been prepared and studied for SMM applications, 
numerous candidate SMMs are those containing clusters of high-spin Mn(III) ions with 
approximately octahedral coordination. Importantly, in these d4 systems, the Mn(III) 
centers exhibit a Jahn-Teller distortion which institutes easy-axis anisotropy within the 
molecule.258 This anisotropy is indicated by large negative axial zero-field splitting (ZFS, 
D), which ultimately gives rise to a spin reversal barrier (Ueff) to magnetic relaxation.259 
Table 4.1 provides a survey of {Mnx} systems exhibiting slow magnetic relaxation with 
nuclearities ranging from five to 32. 
One of the key drivers in the development of single molecule magnets (SMMs) is 
the hypothesis that slower magnetic relaxation will result from an increase in magnetic 
anisotropy. Increased anisotropy can be achieved by introducing slight asymmetries into 
the system. This principle is exemplified by [(CpiPr5)Dy(Cp*)][B(C6F5)4], the SMM with 
the highest blocking temperature recorded to date (80 K, Ueff = 2217 K), which incorporates 
both methyl- and iPr-substituted cyclopentadienyl ligands bound to a single Dy(III) 




of the {Mn6} core provides easy axis anisotropy, but upon incorporation of the pinF ligands, 
this symmetry is reduced, possibly increasing the propensity of the system for  slow 
magnetic relaxation. Herein, the synthesis and magnetic properties of this unique axially-
symmetric {Mn6} cluster will be discussed. 
 
 
Table 4.1. Selected {Mnx} SMMs (and [(CpiPr5)Dy(Cp*)][B(C6F5)4 for comparison). 
{Mnx} Compound 
Ueff 
(K) ST Ref. 
{Mn5} (NEt4)3{Mn5(O)(salox)3(N3)6Cl2} 40 11 261 
{Mn6} {Mn6(O)2(O2CMe)2(salox)6(EtOH)4}·4EtOH 28 4 262 
{Mn6} {Mn6(O)2(OMe)4(Et-sao)6(MeOH)2}·3MeOH 54 6 263 
{Mn6} {Mn6(O)2(Et-sao)6(O2CPh(Me)2)2(EtOH)6} 86 12 264 
{Mn12} [Mn12(O)12(O2CMe)16(H2O)4] 60 10 255-257 
{Mn25} [Mn25(O)18(OH)2(N3)12(pdm)6(pdmH)6]Cl2 12 51/2 265 
{Mn26} [Mn26(O)17(OH)8(OMe)4(bta)22(MeOH)14(H2O)2]  15 4 266 
{Mn30} [Mn31(O)24(OH)2(OMe)24(O2CPh)16(rac-mpm)2] 58 23/2 267 
{Mn32} [Mn32(O)8(OH)6(Me-sao)14(O2CMe)18Br8(H2O)10](OH)2 45 11 268 







4.2 Results and Discussion 
4.2.1 Synthesis of 4.1 and 4.2 
4.2.1.1 Formation of 4.1 from {K(H2O)}[Mn(pinF)2(H2O)] 
Previous attempts by Dr. Chris Kotyk and Jacob Henebry to exchange the K+ 
counter-ion of {K(H2O)}[Mn(pinF)2(H2O)] with divalent Lewis acids such as Ca2+, 
[V=O]2+, and Co2+ in H2O resulted in the formation of small amounts of an purple-gray 
byproduct, insoluble in H2O. After recrystallization from THF, X-ray crystal diffraction 
analysis revealed an unexpected hexanuclear Mn cluster 4.1, 
{Mn6(OK(THF))4(OH)4(pinF)6}, abbreviated {Mn6} (Scheme 4.1). Interestingly, the 
deliberate synthesis of 4.1 was not achieved when the reaction stoichiometry was 
accordingly adjusted to the known composition. While addition of Ca2+, [V=O]2+, and Co2+ 
to solutions of {K(H2O)}[Mn(pinF)2(H2O)] all resulted in the formation of 4.1 to some 
extent, Ca2+ most consistently produced the greatest yields of 4.1. Additionally, UV-visible 
absorption spectroscopic measurements carried out by Jacob Henebry (not shown) 
corroborated the relative yields of 4.1 after the addition of each Lewis acid to 



















































































































































View of {Mn6} centers
4.1




Although 4.1 was initially crystallographically characterized as a THF solvate, 
recrystallization of 4.1 from several other polar donating solvents was also possible. While 
not crystallographically characterized, an initial crystallization of crude powder of the 
presumed {Mn6(OK)4(OH)4(pinF)6} from Et2O proved useful in initially separating the 
cluster from other MnxOy species with solubilities similar to that of 4.1. A DME analog, 
{Mn6(OK(DME))4(OH)4(pinF)6}, was also prepared and crystallographically characterized 
by Henebry; this analog proved especially structurally robust when placed under vacuum 
and/or heat, presumably due to strong binding of the chelating DME. Although the UV-
visible absorption spectra (not shown) of naked and solvated {Mn6} clusters were 
remarkably similar, their colors were distinguishable by eye: Et2O, THF, and DME resulted 
in deep purple, red-brown, and orange-brown solutions, respectively, providing a 
convenient gauge in tracking the progress of association of the desired solvent molecule 
during the recrystallization process. Due to the relative ease of crystallization, 
spectroscopic and magnetic characterization of the {Mn6} cluster was carried out on THF 
analog, 4.1.  
Intercepting this project, my initial goals involved optimizing the synthesis of the 
{Mn6} cluster and understanding the role that K+ and Ca2+ ions play in the assembly and 
stabilization of the cluster. One pervasive challenge in the purification and handling of 4.1 
under ambient conditions was the eventual hydrolysis of 4.1 to form small quantities of 
{K(H2O)}[Mn(pinF)2(H2O)] over the period of several weeks, evidenced by the co-
crystallization of bright red needles of {K(H2O)}[Mn(pinF)2(H2O)] with 4.1. Furthermore, 




or sonicating aqueous suspensions. Initially, reaction times of up to one week were 
employed for the aqueous synthesis of 4.1, because longer stir times seemed to increase 
the precipitation of solids including crude 4.1. However, purification and recrystallization 
of these batches produced significant quantities of {K(H2O)}[Mn(pinF)2(H2O)], as well as 
insoluble MnxOy impurities. Reaction optimizations determined that stirring for 48 h to 
allow for the initial formation of {K(H2O)}[Mn(pinF)2(H2O)] followed by addition of 
Lewis acid and 48 h of stirring open to air generated the largest ratio of {Mn6} cluster to 
oxidized and/or hydrolyzed byproducts. Ultimately, after initial purification of 4.1 under 
ambient conditions, samples were brought into the dry box, recrystallized from anhydrous 






4.2.1.2 Role of Ca2+ in the formation of 4.1 
Several series of experiments were carried out in order to further probe the role of 
the Lewis acid. In addition to Ca2+, [V=O]2+, and Co2+, Jacob Henebry investigated the 
effect of a large scope of Lewis-acidic cations, including divalent Mn, Fe, Ni, and Zn, as 
well as trivalent Cr, Fe, and Al. While Mn, Ni, and Zn did not cause a change in color or 
solubility to {K(H2O)}[Mn(pinF)2(H2O)] solutions, Fe(II)/Fe(III), Cr, and Al ultimately 
produced mixtures of insoluble brown and yellow solids and no formation of any species 
similar to 4.1 was observed. As described below, the role of Ca2+, [V=O]2+, and Co2+ in 
cluster formation remains unclear, and there is no obvious correlation with a single 
parameter such as ion size or charge, yet an excess of Lewis acid appears essential to 
maximizing yield. 
Apart from Jacob Henebry’s initial studies with a variety of metal salts, 
CaCl2•2H2O was the focus of other Lewis acid studies in the synthesis of 4.1. Because of 
chloride’s ability to bridge metal centers (and potentially effect cluster formation), the role 
of counter-anions was also examined. When Ca(NO3)2•4H2O, was added as the Lewis-acid 
source, the formation of 4.1 was still observed, with yields comparable to those seen for 
CaCl2•2H2O. Additionally, the ability of [V=O]2+ (from V(O)SO4•xH2O) and Co2+ (from 
CoI2•6H2O) to form 4.1 further rules out the necessity for coordinating anions in cluster 
formation. 
 Initial reaction optimization experiments indicated a maximum yield of 4.1 when 
five equivalents of Ca2+ were added to {K(H2O)}[Mn(pinF)2(H2O)], whereas one to four 




which leveled off sharply after five equivalents. More recently, while revisiting this study 
to investigate the effect Ca2+ had on the pH of the reaction solution, this trend was not so 
apparent. While an increase in Ca2+ equivalents still resulted in small increases in the yield 
of 4.1, the results proved statistically insignificant and somewhat inconsistent. One 
hypothesis for the discrepancy between these two studies was a difference in initial reaction 
pH between the two studies. In recent months, reagent bottles of H2pinF have been stored 
in a desiccator in order to prevent the accumulation of H2O over time; furthermore, aliquots 
of the ligand have been measured out by mass rather than volume, due to the large density 
difference between H2pinF (d = 1.87 g/mL) and H2O, for which the micropipettes are 
calibrated. During the initial study, these practices were not in place, so it is likely that that 
the amount of H2pinF ligand added to a reaction was necessarily less than calculated, and 
less than the stoichiometric base added. Thus, in the prior studies, the addition of Lewis 
acids would effectively buffer the solution, neutralizing the basic reaction mixture through 
the precipitation of Ca(OH)2. This hypothesis was supported by the precipitation of pale 
solids along with 4.1 during previous reactions, which has not been observed in recent 
syntheses.  
In order to examine the effect of Ca2+ on the pH of the reaction solution, a series of 
five experiments tracking reaction pH over time as a function of the number of equivalents 
of Ca2+ added (1.0 to 5.0) were performed. In this study, 4.1 was prepared as shown in 
Scheme 4.1, where red {K(H2O)}[Mn(pinF)2(H2O)] was first formed in situ and stirred 
open to air to form purple {K3Mn3(pinF)6(H2O)8} over the course of 48 h. At this point, the 




CaCl2•2H2O (1.0 to 5.0 eq.) was added as solid and the solutions stirred open to air. Over 
the course of 72 h, the pH of each reaction mixture was measured periodically (after 5 min, 
1 h, 2 h, 20 h, and 72 h; indicated by circles). As shown in Figure 4.3, immediately after 
the addition of Ca2+, in all cases, the reaction pH decreased by approximately 0.8 units and 
continued to drop ~ 0.2 units over the course of a few hours. By 18 h, the reactions reached 
a pH of approximately 8.3, with the exception of reaction containing one equivalent of 
Ca2+, which remained considerably more basic than the others. After 72 h, the pH of all the 
reactions remained approximately constant, settling at 8.1-8.4 for two through five 






 Overall, the pH of the reactions generally decreased by an entire unit over the 
course of 72 h, but ultimately, no conspicuous difference in the final pH of the reaction 
solutions containing two through five Ca2+ equivalents was observed.  
In general, and disregarding any additional influence of added Lewis acids, the 
formation of 4.1 would necessarily decrease the pH of the reaction solution over time, as 
basic oxide and hydroxide moieties deprotonate the alcohol and/or are incorporated into 
the cluster. As previously discussed, the direct dependence of the formation and yield of 
4.1 on the amount of Ca2+ added was likely more pronounced in the earlier syntheses due 
	
Figure 4.3. Reaction pH over time as a function of Ca2+ equivalents added; the initial pH 
measurements of the five solutions (at T = 0 h) are indicated by triangles and pH 




to the unintentional deficiency of the H2pinF ligand in the reaction mixtures. With this in 
mind, current syntheses of 4.1 entail the addition of a three- to five-fold excess of 
CaCl2•2H2O so that sufficient Lewis acid is available, although a large excess may not be 
as necessary for cluster formation as previously understood.  The exact role of Ca2+ in the 
formation of 4.1 from {K(H2O)}[Mn(pinF)2(H2O)] remains a question. 
In the {Mn4} cluster of the OEC, the role of the pendent Ca center has been disputed 
since its discovery.269 While early accounts hypothesized that the Ca atom played an 
essential role in pH modulation, more recent accounts suggest that the Ca serves in 
transporting H2O molecules to the {Mn4} cluster for H2O oxidation.270 In the case of 4.1, 
Ca may play a similar transport role, associating the H2O molecules that assemble into the 






4.2.1.3 Role of K+ in the formation of 4.1 
The structural effect of K⋯O and K⋯F interactions formed between K+ counter-ions 
and the ligand backbone of fluorinated alkoxide complexes has been intensely investigated 
by the Doerrer group.36, 37, 39, 41-46, 228 In particular, recent work by Brazeau and coworkers 
has demonstrated the necessity for unencapsulated K+ counter-ions in facilitating the self-
assembly of {Cu3O2} sites supported by the pinF ligand.48, 51 In order to investigate to role 
of K+ counter-ions in 1, efforts to install other counter-ions were pursued.  
Initially, simple counter-ion exchange reactions of 4.1 with several quaternary 
ammonium salts including Me4N+, Et4N+, Et3NH+, were carried out by dissolving 4.1 in 
THF and adding up to four equivalents of the corresponding ammonium salt. In each case, 
no reaction was observed and 4.1 could be recovered by drying the reaction mixture and 
extracting 4.1 into Et2O. While counter-ion exchange reactions are often 
thermodynamically driven by a size match between the counter-ion and metal complex, 
strong interactions of the K+ counter-ions with oxygen atoms in the {Mn6} cluster 
ostensibly render 4.1 inert to such exchange.     
Furthermore, the base utilized in the initial synthesis of 4.1 was also altered, 
replacing KOH with aqueous bases NaOH, Et3N, or Me4NOH•5H2O to install the 
corresponding counter-cation. In the case of Na+, the reaction resulted in the formation of 
an initial red solution, presumably containing {NaMn(pinF)2(H2O)n}, but upon Ca2+ 
addition, no cluster formation was observed. Comparatively, efforts with Et3N or Me4NOH 
•5H2O immediately formed insoluble red and brown powders upon addition of base. While 




complexes and MnxOy species, their insolubility in H2O precluded cluster formation.  
Given the apparent challenge of exchanging the K+ counter-ions of 4.1, efforts to 
encapsulate the K+ with 18-crown-6 were pursued instead. Addition of up to four 
equivalents of 18-crown-6 to solutions of 4.1 in THF resulted in the quantitative 
recrystallization of 18-crown-6 from reaction mixtures. On the other hand, initially stirring 
18-crown-6 with KOH during the synthesis of 1 led to the immediate precipitation of a red 
solid, likely {K(18C6)}[Mn(pinF)2(H2O)], similar to the results when Et3N or 
Me4NOH•5H2O was used as a base, although no concurrent precipitation of brown MnxOy 
species was observed in this case. 
Ultimately, efforts to form analogs of 4.1 with counter-cations other than K+ were 
unsuccessful, demonstrating the significance of K+ in stabilizing the cluster. As previously 
mentioned, stirring initial reaction mixtures to form {K(H2O)}[Mn(pinF)2(H2O)] for 48 h, 
followed by the addition of Ca2+ and an additional 48 h of stirring open to air consistently 
produce the purest and largest amounts of 4.1. Interestingly, solutions of 
{K(H2O)}[Mn(pinF)2(H2O)] in H2O are initially brilliant red, but deepen to purple over the 
course of 48 h. To better understand the chemistry taking place, efforts to crystallize this 
deep maroon species were carried out. Slow evaporation of reaction solutions over the 
course of a week yielded deep purple crystalline blocks, compared to the bright red needles 
characteristic of {K(H2O)}[Mn(pinF)2(H2O)]. X-ray diffraction analysis identified the 
purple needles as {K3Mn3(pinF)6(H2O)8}, a K+-bridged Mn(III) trimer shown in Scheme 
4.1, which was previously isolated by Ellen Laaker in an attempt to isolate a 




Over time, deep red solutions of monomeric{K(H2O)}[Mn(pinF)2(H2O)] ostensibly 
trimerize to form the purple species {K3Mn3(pinF)6(H2O)8}. These two species differ only 
in the amount of water present in the crystal structure and the geometry around each K+ 
ion. Specifically, monomeric{K(H2O)}[Mn(pinF)2(H2O)] crystallizes with two molecules 
of H2O per Mn center, where one H2O is bound to the Mn center as an aquo ligand and the 
other H2O is interacting with the K+ counter-ion. In the trimeric species 
{K3Mn3(pinF)6(H2O)8}, eight H2O molecules in total are present (shown in blue in Scheme 
4.1), or 2.33 H2O per Mn center. Similar to the monomer, each Mn center has one aquo 
ligand and each K+ counter-ion is coordinated to an equivalent of H2O. The additional two 
equivalents of H2O present in the structure of the trimer form a bridge between two of the 
K+ counter-ions.  
The source of the color difference between the monomeric (red) and trimeric 
(purple) Mn(III) species remains unclear, especially since the oxidation state and 
immediate coordination environment of the Mn centers is the same in both structures. At 
this time, we hypothesize that the ligand-to-metal-charge transfer bands may differ slightly 
between the monomeric and trimeric Mn(III) analogs, perhaps due to differences in the 
strength of K⋯F interactions when the K+ counter-ions are associated with a single unit of 
H2O (as seen in the structure monomer) versus two units of H2O (for two of the K+ counter-
ions in the trimer). 
Overall, while the exact mechanism of cluster formation is not fully understood, it 
seems that K+ plays a significant role in associating the H2O molecules, priming them for 




acid addition. Allowing initial reaction mixtures to stir for 48 h to form this purple trimer 






4.2.1.4 Oxidation of 4.1 to form 4.2 
In order to investigate the redox behavior and stability of the {Mn6} cluster, the 
oxidation of 4.1 under inert atmosphere was pursued. In the dry box, the addition of AgPF6 
to 4.1 in THF resulted in an immediate solution color change from deep brown to hazy red 
with metallic Ag plating across the bottom of the flask (Scheme 4.2). Recrystallization of 
the reaction mixture from THF and hexanes yielded deep red needles of 4.2 and elemental 
analysis corroborated the composition of the crystals. A sample of the crystals were 
assessed for standard single-crystal diffraction studies but were shown to be too small; 






































4.2.2 Structural characterization of 4.1 
Recrystallization of 4.1 from concentrated solutions of THF layered with hexanes 
led to the isolation of mixtures of polymorphs of 4.1, which included prisms, needles, and 
blocks (Figure 4.4, left). Although elemental analysis data confirmed the analytical purity 
of the mixtures of crystals as 4.1, X-ray crystallographic measurements revealed different 
unit cells for the various polymorphs. While the crystalline mixtures of 4.1 were suitable 
for most spectroscopic characterizations, structure-dependent measurements, such a 
cantilever torque magnetometry (CTM), required crystals of a known single morphology. 
Deep red-brown prisms of 4.1 could be grown reproducibly by layering THF and CH2Cl2 
with small amounts of fluorobenzene (FPh) at 10°C for several days (Figure 4.4, right). 
Single-crystal X-ray diffraction of these tetragonal crystals confirmed the unit cell before 
CTM measurements.  
 
							 	
Figure 4.4. Mixture of polymorphs of 4.1 after initial recrystallization from THF/hexanes 




The ORTEP of 4.1 from the tetragonal crystals is shown in Figure 4.5, with 4.5(a) 
showing the full structure of the hexanuclear cluster and 4.5(b) omitting the fluorine atoms 
of the pinF ligands for clarity. Important bond lengths and angles are summarized in Table 








Figure 4.5. ORTEP of 4.1 with hydrogen atoms omitted (top) and hydrogen and fluorine 




Table 4.2. Selected bond distances (Å) and angles (°) for 4.1. 
Bond distances (Å)  Bond angles (°) 
Mn−O(pinF)  O(pinF)−Mn−O(pinF) 
Mn(1)−O(2)  1.888(2)  O(2)−Mn(1)−O(3) 83.85(10) 
Mn(1)−O(3)  1.889(2)  O(1)−Mn(2)−O(1)#3 82.91(14) 
Mn(2)−O(1)  1.889(2)  O(μ3-OH)−Mn−O(μ3-OH) 
Mn(2)−O(1)#3  1.889(2)  O(4)−Mn(1)−O(4)#1 136.47(15) 
Mn−O(μ3-OH)  O(4)#3−Mn(2)−O(4) 145.1(2) 
Mn(1)−O(4)  2.350(3)  O(μ3-O)−Mn−O(μ3-O) 
Mn(1)−O(4)#1 2.253(3)  O(00A)−Mn(1)−O(00A)#2 95.08(13) 
Mn(2)−O(4)  2.125(4)  O(00A)−Mn(2)−O(00A)#3 97.59(14) 
Mn(2)−O(4)#3  2.125(4)  Mn−O(μ3-OH)−Mn 
Mn−O(μ3-O)  Mn(1)−O(4)−Mn(1)#2 89.29(13) 
Mn(1)−O(00A)  1.893(2)  Mn(2)−O(4)−Mn(1)#2 92.45(12) 
Mn(1)−O(00A)#2  1.907(2)  Mn(2)−O(4)−Mn(1) 91.63(12) 
Mn(2)−O(00A)#3  1.889(2)  Mn−O(μ3-O)−Mn 
Mn(2)−O(00A)  1.889(2)  Mn(2)−O(00A)−Mn(1)#1 116.88(11) 
K⋯O(pinF)  Mn(2)−O(00A)−Mn(1) 112.29(10) 
K(1)−O(2)  2.694(2)  Mn(1)−O(00A)−Mn(1)#1 116.69(12) 
K(1)−O(3)#1  2.745(3)  O(THF)−K−O(μ3-O) 
K(1)−O(1)  2.736(2)  O(5)−K(1)−O(00A) 176.58(9) 
K⋯O(μ3-O)  Mn−Mn−Mn 
K(1)−O(00A)  2.876(2)  Mn(1)#1−Mn(1)−Mn(1)#2 89.901(2) 
K⋯O(THF)  Mn(2)−Mn(1)−Mn(2)#2 88.35(2) 
K(1)−O(5)  2.658(3)  Mn(1)#2−Mn(2)−Mn(1)#1 89.91(3) 
K⋯F  Mn(1)#3−Mn(2)−Mn(1) 93.39(3) 
K(1)−F(6)  3.087(3)  Mn(2)−Mn(1)−Mn(1)#1 60.952(14) 
K(1)−F(18)#1  3.127(2)  Mn(2)#2−Mn(1)−Mn(1)#1 58.086(14) 
K(1)−F(8)  3.197(2)  Mn(2)−Mn(1)−Mn(1)#2 60.951(14) 
   Mn(2)#2−Mn(1)−Mn(1)#2 60.951(14) 
   Mn(1)−Mn(2)−Mn(1)#2 60.964(14) 
   Mn(1)#3−Mn(2)−Mn(1)#1 60.964(14) 
   Mn(1)#3−Mn(2)−Mn(1)#2 60.964(14) 




Table 4.3. Crystallographic data collection and structure refinement parameters for 4.1. 
 {Mn6(OK(THF))4(OH)4(pinF)6} 
Empirical formula  C52H36F72K4Mn6O24 
Formula weight  2898.85 
Temperature (K) 100.0 
Wavelength (Å) 0.71073 
Crystal system  Tetragonal 
Space group  I41/a 
a (Å)  23.5564(14) 
b (Å) 23.5564(14) 
c (Å) 16.3772(11) 
a (°) 90 
b (°) 90 
g (°) 90 
Volume (Å3) 9087.8(12) 
Z, Z’ (if applicable) 4 
Density (calculated) (g･cm–3) 2.119 
Absorption coefficient (mm–1) 1.207 
F(000) 5656 
Crystal size (mm3) 0.27 x 0.27 x 0.18 
Theta range for data collection (°) 1.514 to 25.370 
Index ranges –15 ≤ h ≤ 28, –28 ≤ k ≤ 23, –19 ≤ l ≤ 15 
Reflections collected 16039 
Independent reflections 4176 [Rint = 0.0640] 
Completeness to theta = 25.242° 100.0% 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7452 and 0.6593 
Refinement method Full-matrix least-squares on F2 
Data/restraints/ parameters 4176/0/357 
Goodness-of-fit on F2 1.025 
Final R indices [I > 2σ(I)] R1 = 0.0410, wR2 = 0.0850 
R indices (all data) R1 = 0.0669, wR2 = 0.0955 





 The oxidation state assignment of the Mn centers in this cluster was made 
indirectly. The unambiguous composition is {K4Mn6(pinF)6(O)8}.  If none of the μ3-O units 
are protonated, charge balance would imply {Mn6}24+, suggesting six Mn(IV) centers.  If 
four each μ3-oxo and μ3-hydroxo groups are present, and the positions of the K+ atoms on 
alternate faces of the octahedron from the hydroxide groups are accounted for, then there 
must be a {Mn6}20+ charge, and a mixed-valent {MnIV2MnIII4} form is obtained. This 
mixed-valent assignment is consistent with the structural data within 4.1, and several other 
pieces of data as discussed below.   
  
	
Figure 4.6. ORTEP of the {Mn6(μ3-O)4(μ3-OH)4} core in 4.1, showing the alternating μ3-




The structure of 4.1 contains six Mn atoms arranged in a distorted octahedron 
(Figure 4.6), each bound to a single pinF ligand. In total, the six Mn centers are bridged by 
eight alternating μ3-O groups, four μ3-OK and four μ3-OH groups. As shown in Figure 4.7, 
two unique Mn environments, Mn(1) and Mn(2), are present, each with {MnO6} 
coordination, in which the four Mn(1) centers form a square plane and the two Mn(2) 
centers lie along the z-axis of the octahedron on opposite vertices. The Mn−O(pinF) 
distances are essentially identical (1.89(04) Å) for both the Mn(1) and Mn(2) centers with 
O(pinF)−Mn−O(pinF) chelate angles of 83.85(10) and 82.91(14)°, respectively. 
Furthermore, the Mn−O(μ3-O) bond lengths are similar, with distances of 1.893(2) and 
1.907(2) Å for the Mn(1) centers and a single distance of 1.889(2) Å for the Mn(2) centers; 
the O(μ3-O)−Mn−O(μ3-O) angles of 95.08(13) and 97.59(14)°, respectively. On the other 
hand, bond lengths between the two Mn centers and their respective bridging μ3-OH groups 
are discernibly different. The two Mn−O(μ3-OH) distances to Mn(1) are 2.350(3) and 
2.253(3) Å, respectively, while the distances to Mn(2) are significantly shorter with a single 
Mn−O(μ3-OH) of 2.125(4) Å. The O(μ3-O)−Mn−O(μ3-O) angles for the Mn(1) 




Based on the different components of the hexanuclear cluster 4.1, and the 
differences in Mn−O distances, four Mn(III) and two Mn(IV) centers are assigned to four 
Mn(1) centers and two Mn(2) centers respectively. Although the Mn−O(pinF) and 
Mn−O(μ3-O) bond lengths of observed for the two Mn centers of 4.1 are quite similar, the 
comparative Mn−O(μ3-OH) bond lengths support the assignments of the four Mn(1) sites 
as Mn(III) and the two Mn(2) sites as Mn(IV). The latter have shorter Mn−O(μ3-OH) 
distances attributed to increased electrostatic interaction between the Lewis-basic hydroxo 
groups and the oxidized Mn(2) centers. Ultimately, lack of change in the Mn−O(pinF) and 
Mn−O(μ3-O) distances for the Mn(1) and Mn(2) centers may result from the rigid structure 
of the bidentate pinF bidentate ligand and strong interaction of the μ3-O moieties with the 
K+ counter-ions in 4.1. As discussed subsequently, cantilever torque magnetometry (CTM) 
	
	
Figure 4.7. Comparison of Mn coordination environments in 4.1, with bond lengths 
corroborating the oxidation state assignments of Mn(III) for the four Mn(1) centers and 










































was carried out on 4.1 to discern the direction-dependent magnetic moment of the cluster 
which also corroborated this oxidation state assignment.  
The four K+ counter-ions of 4.1 are held in place by both K⋯O and K⋯F 
interactions with overall {KO5F3} coordination. In terms of K⋯O interactions, each K+ 
counter-ion is bound to a single bridging μ3-O moiety as well as three alkoxide oxygen 
atoms from nearby pinF ligands with K⋯O bond lengths of 2.876(2) and 2.73(2) Å, 
respectively. Additionally, each K+ is bound to a single THF solvent molecule with a 
K⋯O(THF) distance of 2.658(3) Å and an essentially linear O(THF)−K−O(μ3-O) bond 
angle (176.58(9)°). Each K+ also forms K⋯F interactions with three fluorine atoms of the 
pinF ligand, averaging 3.14(5) Å. Overall, as previously discussed, the presence of several 
stabilizing K⋯O and K⋯F interactions within 4.1 corroborates earlier synthetic difficulties 
in exchanging and/or encapsulating the K+ counter-ions. 
No direct metal−metal bonds are formed between the Mn centers of 4.1; the shortest 
Mn⋯Mn distance is 3.1410(8) Å. Several angles among the six centers are nearly 90°, 
confirming the octahedral structure. The angle between the adjacent Mn(1) centers 
(Mn(1)#1−Mn(1)−Mn(1)#2) is 89.901(2)° and the angle of between the two capping Mn(2) 
centers and each of the Mn(1) centers forming the square plane (Mn(2)−Mn(1)−Mn(2)#2) 
is 88.35(2)°. Furthermore, the average Mn(1)−Mn(2)−Mn(1) angle is 92(2)°. Otherwise, 





Within the multitude of {Mnx} clusters described in the literature, the octahedral 
motif of 4.1 is unique. Overwhelmingly, common {Mn4} topologies including {Mn4O6} 
adamantane, {Mn4O4} cubane, and {Mn4O2} butterfly configurations, as well as dimers of 
dimers and linear (μ2-O) chains have been examined as structural mimics of the OEC of 
PSII,1 although their magnetic properties have not been thoroughly investigated. In terms 
of magnetically-characterized {Mnx} systems, a large body of work has been reported, 
encompassing manganese centers bridged by substituted phenolic oxime ligands, with 
nuclearities ranging from two to twelve,258 in addition to a particularly large example 
containing 32 manganese centers.268 Notably, within these systems, an increase in 
nuclearity does not necessarily correspond to an increase in overall spin; a trade-off 




Figure 4.8. Common core topologies of {Mn6} clusters displaying slow magnetic 




















Within this realm, several notable examples of hexanuclear manganese clusters 
bridged by phenolic oximes have been reported with various topologies, none of which are 
akin to 4.1 (Figure 4.8 and Table 4.1). The first example, 
{MnIII6O2(O2CMe)2(salox)6(EtOH)4}·4EtOH (salox = salicylaldoxime) (A), reported by 
Perlepes in 2004 contains two ferromagnetically-coupled S = 2{Mn3} triads with a high 
spin ground state with ST = 4.262  Brechin and coworkers expanded on this motif with 
{MnIII6O2(Et-sao)6(O2CPh(Me)2)2(EtOH)6} (Et-sao = 2′-hydroxypropiophenone oxime) 
(B), which contains a significantly twisted Mn−N−O−Mn angle and increased 
ferromagnetic coupling with a high spin ground state of ST = 12.264 Furthermore, a mixed-
valent {Mn6} cluster, {MnIII4MnIV2O2(OMe)4(Et-sao)6(MeOH)2}·3MeOH  (C), containing 
two {MnIII2MnIVO} motifs linked by methoxide groups resulted in a near planar array with 
a high spin ground state of ST = 6.263 
In addition to clusters, one-dimensional hexanuclear manganese coordination 
polymers have also been prepared. In 2009, Brechin and coworkers reported one-
dimensional SMM-based chains featuring {MnIII6O2} units bridged by isophthalate or 
succinate linkers; these chains exhibited anisotropy barriers of Ueff = 48 K and 60 K, 
respectively.271 Furthermore, a {Mn6} single-chain magnet linked by azido (N3−) moieties 
has also been reported. This system possesses large uniaxial anisotropy with an anisotropy 
barrier of Ueff = 136 K; the overall magnetism of the system, S = 2, was determined to result 
from ferromagnetic inter-unit coupling of successive antiferromagnetically-coupled units 




In the case of 4.1, the highly symmetrical {Mn6O8} core exhibits axial D4h 
symmetry, although this symmetry is reduced to C2v upon the incorporation of the pinF 
ligands and THF solvent molecules. It was hypothesized that the core of the one-electron 
oxidized analog 4.2 may exhibit three-fold axial symmetry, containing three Mn(III) and 
three Mn(IV) centers, which might increase magnetic anisotropy. Thus, the axial symmetry 
and unique octahedral structure of 4.1 and 4.2 (proposed structure) prompted the 
investigation of their respective electronic structure and potential magnetic properties via 




4.2.3 High-field EPR of 4.1 
High-field EPR measurements of the hexanuclear cluster 4.1 were performed by 
Dr. Andrew Ozarowski at the National High Magnetic Field Lab at Florida State 
University. Figure 4.9 shows the EPR spectra of microcrystalline 4.1 at 270 GHZ obtained 
at five different temperatures (6-120 K) and fit using the following spin Hamiltonian: 
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In this axial system, gx = gy = 1.985 and gz = 1.991, and the axial and rhombic zero-
field splitting (ZFS) parameters are small but negative, indicating possible SMM behavior 
(D = −0.096 cm−1, E = −0.022 cm−1). Notably, higher-order ZFS is observed where &!" = 
−3.7 × 10−6 cm−1, the so-called fourth-order B0 value. Although the magnitude of the 
fourth-order ZFS parameters are a thousand-fold than the second-order ZFS parameters D 
and E, this parameter is critical as it is responsible for the uneven splittings between the 
EPR transitions in 4.1. The expected line shapes of the experimental spectra are slightly 
perturbed from the simulated spectra, attributed to the torqueing of the magnetic crystals 
along their easy axis towards the magnetic field. Additionally, as the temperature increases, 
a change in the intensity in the spectral patterns is observed in both the experimental and 
simulated spectra, due to the contribution of higher energy states. While this his 








Figure 4.9. EPR spectra of 4.1 at 270 GHz at (a) 6, (b) 15, (c) 30, (d) 80 K and (e) 120 K. Experimental data shown in black 




4.2.4 SQUID magnetometry of 4.1 
To further investigate the magnetic communication between the Mn centers in 4.1, 
SQUID magnetometry was carried out by Prof. Alina Bieńko at the University of Wroclaw 
and fit by Dr. Andrew Ozarowski at the National High Magnetic Field Lab at Florida State 
University. Figure 4.10 shows the temperature-dependent magnetic moment of 4.1 from 2 
to 300 K at 5000 G, with experimental data points shown in blue and the calculated fit 
shown in red.  
  
	
Figure 4.10. Temperature-dependent magnetic moment of 4.1 from 2 to 300 K at 5000 G, 




The calculated fit was determined using the Kambe method,273 which was designed 
for systems with more than two spins and incorporates vector coupling in order to account 
for intramolecular magnetic exchange interactions but neglects ZFS. The {Mn6} core of 
4.1 contains four Mn(III) ions (1, 2, 3, and 4) in the square plane and two Mn(IV) ions (5 
and 6) along the z-axis of an octahedron, as defined in Figure 4.11. In this arrangement, the 
following sets of interactions are equal: in-plane interactions 1−2, 2−3, 3−4 and 4−1, 
interactions 5−1, 5−3 6−2, and 6−4; interactions 5−2, 5−4, 6−1 and 6−3. 
Therefore, the Heisenberg Hamiltonian for the system is as follows: 
 
!" = $%&'!&'" +	&'"&'# + &'#&'$ + &'!&'$* + +%&'%&'! + &'%&'# + &'&&'" + &'&&'$* + ,%&'&&'! + &'&&'# + &'%&'" + &'%&'$* 
 
which may be simplified to 
 
!" = $%&'! + &'#)%&'" + &'$* + +{&'%(&'! + &'#* + &'&%&'" + &'$*} + ,{&'%%&'" + &'$* + &'&(&" ! + &'#)} 
 
This Hamiltonian gives rise to states of total spin, !"!, given by the summation:  
 
&'' = &'! + &'" + &'# + &'$ + &'% + &'& 
	
Figure 4.11. {Mn6} core of 4.1, with Mn(III) centers (red) and Mn(IV) centers (orange) 












For a {MnIII4MnIV2} system, the maximum possible total spin is ST = 11 (22 
unpaired electrons); all values through 0 to 11 are allowed. While there will be a single 
spin state with ST = 11, there may be many total spin states with ST < 11 that must also be 
accounted for (Table 4.4). 
 






N(2ST + 1) 
11 1 23 
10 5 105 
9 15 285 
8 35 595 
7 68 1020 
6 112 1456 
5 160 1760 
4 200 1800 
3 216 1512 
2 196 980 
1 138 414 
0 50 50 
 ∑ = 1196 ∑ = 10,000 
 
In total, this summation gives 1196 spin states with a total multiplicity of 10,000. 
If the energy of all of these states are determined, the magnetic susceptibility (1) may be 














In this fit, giso = 2.02, A (isotropic hyperfine coupling constant) = −24.4 cm−1, and 
B (anisotropic hyperfine coupling constant) = −4.0 cm−1. As shown by the separation 
between the experimental (blue) and calculated (red) traces in Figure 4.10, g is slightly too 
large at low temperature. Because the observed drop off in magnetic susceptibility at low 
temperatures is produced by the Zeeman effect, this fit may be improved by taking into 
account the ZFS determined by EPR measurements, but was not taken into account using 
the Kambe method of analysis. 
Additionally, the field-dependent magnetization of 4.1 was measured at 2 and 5 K 
using the same parameters (Figure 4.12), with experimental data points shown in blue and 
the calculated fits shown in red. In each case, the magnetization saturates at 22 μB, 
confirming the ST = 11 magnetic ground state of 4.1 and corroborating the oxidation state 
assignment of the six Mn centers in 4.1 as four Mn(III) centers and two Mn(II) centers. 
Magnetic hysteresis is not observed at either temperature, precluding SMM behavior for 
4.1 above 2 K. While the calculated magnetization of 4.1 at 5 K closely matches the 
experimentally observed values, at 2 K, the fit is less precise. In this case, the calculated 









Figure 4.12. Magnetization of 4.1 from 0 to 5000 and 5000 to 0 G at 2 K (top) and 





4.2.5 Cantilever torque magnetometry of 4.1 
In order to investigate the direction-dependent magnetism of the {Mn6} cluster, 
cantilever torque magnetometry (CTM) was performed by Prof. Mauro Perfetti at the 
University of Florence. A prismatic crystal of 4.1 with a tetragonal unit cell was used for 
CTM measurements and the a, b, and c directions of the unit cell determined relative to the 
crystal faces as shown in Figure 4.13. Orienting the crystal of 4.1 on the cantilever and 
positioning the tetragonal crystal along its edge according to the defined planes proved 
challenging and consequently, rotation into a precise ab plane was difficult. This 
circumstance resulted in slight perturbations in the CTM data, discussed below. 
In most magnetic systems, the two easiest directions to magnetize the system lie 
180° apart, defining an axis known as the easy axis of rotation.274 Rotation of the crystal at 
2 K (Figure 4.14) reveals that 4.1 possesses overall easy axis anisotropy and the 
crystallographic c axis is the easy axis of rotation. Furthermore, the torque saturates at 
approximately 6 T (when B/T = 12). 
	






Figure 4.14. Axis-to-plane magnetic torque of 4.1 rotating 180° about the c axis. 
	




The in-plane rotation of 4.1 at 2 K displays a four-fold oscillation, approaching a 
torque of zero after every 45° of rotation, expected for the octahedral configuration of the 
six Mn centers (Figure 4.15). While the lack of symmetry in the oscillations is readily 
attributed to the slight (but expected) misalignment of the tetragonal crystal on the 
cantilever, the resulting plot is necessarily a convolution of in-plane and out-of-plane 
anisotropy, and expectedly, the asymmetry of these oscillations increases with applied 
magnetic field. The torque is maximum at 4 T (when B/T = 2), in agreement with the harder 
nature of the in-plane anisotropy compared to the easy axis anisotropy. Unfortunately, due 
to the convolution of in-plane and out-of-plane anisotropies of the tetragonal system, the 
oxidation state assignment of the six manganese centers was unable to be confirmed 
without further magnetic data fitting. 
The expected weak anisotropy in the ab plane of 4.1 is evident when comparing the 
maximum values of torque observed for the axis-to-plane rotation (Figure 4.14) versus the 
in-plane rotation (Figure 4.15), which peak at 40 Nm/mol (Newton-meter/mol) and 12 
Nm/mol, respectively. Overall, the easy axis anisotropy of 4.1 suggests the possibility of 






4.2.6 UV-visible absorption spectroscopy of 4.1 
The UV-visible absorption spectrum of 4.1 in THF is shown in Figure 4.16. In the 
visible region, three d-d transitions are observed at 452, 493, and 572 nm, with extinction 
coefficients ranging from approximately 1000 to 1700 M−1 cm−1. Comparatively, the 
spectrum of {K(H2O)}[Mn(pinF)2(H2O)], which contains a single Mn(III) center, in H2O 
(not shown), contains two d-d transitions at 413 and 489 nm, with extinction coefficients 
between 250 and 300 M−1 cm−1.254 Considering that 4.1 contains four Mn(III) and two 
Mn(IV) centers, the molar absorption per Mn center of these two species are similar. While 
d-d transitions are formally Laporte-forbidden and typically possess extinction coefficients 
under 100 M−1 cm−1, vibrionic coupling within 4.1 may relax the selection rules and 
	



















contribute to the relatively large molar absorptivity observed for the Mn centers. In order 
to further explore electronic communication between the mixed-valent Mn centers of 4.1, 
an additional spectrum should be obtained in the near-IR region (800 to 1500 nm) to 





4.2.7 Cyclic voltammetry of 4.1 
The cyclic voltammogram of 4.1 in THF under N2 displays a series of eight 
oxidation and reduction events from −2.2 to 2.0 V (versus Ag/AgNO3), as shown in Figure 
4.17. The voltammogram includes four reduction peaks at 0.9, −0.1, −0.8, and −1.6 V and 
four oxidation peaks at 2.0, 1.3, 0.4, and −1.2 V, respectively, although the exact 
relationship between these oxidation and reduction events was not immediately evident. In 
order to examine the relationship of these redox events, studies truncating the scan window 
were performed. In these studies, it should be noted that an increased scan rate of 750 mV/s 
was employed in order to produce sufficient current amplitude such that the redox features 
could be readily observed in the truncated windows. In the original voltammogram (Figure 
4.17(a)), a scan rate of 100 mV/s was employed resulting in the disparity between the 
current magnitudes seen in Figure 4.17(a) and in the truncated regimes in Figures 4.17(b) 
and 4.17(c).  
Figure 4.17(b) shows a series of scans (three blue traces) localized in the reduced 
region between 0.5 and −2.2 V. In the original voltammogram, this regime contains two 
oxidation events and three reduction events. Truncating the scan window to only 0.4 to 
−1.0 V results in a marked decrease in current amplitude of all features and a bleaching of 
the previously observed oxidative feature at 0.4 V, suggesting that this oxidation is tied to 








Figure 4.17. Cyclic voltammogram of 2.5 mM 4.1 in THF under N2 with 250 mM 
Bu4NPF6 electrolyte; scan rate = 100 mV/s (a); truncated scan windows (negative 
potential regime), scan rate = 750 mV/s (b); truncated scan windows (positive potential 




Complementarily, in the more positive potential regime, truncated scan windows 
were examined from 2.0 V to −1.2, −1.0, and 0.6 V, respectively (Figure 4.17(c)). In the 
original voltammogram, three oxidation events and two reductive events are visible in this 
range. Once the window is truncated to 2.0 V to −1.2, the reductive features originally 
present at −0.1 and 0.9 V are largely bleached, suggesting their association with the low-
lying oxidative feature at −1.2 V. Furthermore, shortening the window from 2.0 to −0.6 V 
results in the bleaching of the oxidative feature at 1.3 V, suggesting its tie to the reduction 
at −0.8 V.  
Scan-rate dependence studies to establish the reversibility of the related features 
were not performed due to the challenge of isolating the redox couples amidst the many 
electrochemical events in close proximity. At most, the redox couples herein are quasi-
reversible, if not irreversible, possibly due to charge delocalization in the cluster upon 
oxidation or reduction. Importantly, however, even if irreversible in aprotic media, the 
presence of redox features at mild potentials in the voltammogram of 4.1 substantiates the 
oxidation of 4.1 with mild chemical oxidants such as AgPF6 to form 4.2.  
Using the relationships established by the scan window studies discussed above, 
we propose that three quasi-reversible MnIII/IV couples are observable between −2.2 and 0.2 
V, with E1/2 values of 0.1, 0.3 and −0.6 V, respectively. While the reduction feature at 0.9 
V and oxidation feature present at −1.2 V seemingly do not have corresponding 
oxidation/reduction peaks in the scan window examined, it is possible that associated 




4.2.8 Direct H-atom transfer reactions to 4.1 
The composition of 4.1 with a mix of µ3-oxo and µ3-hydroxo ligands, as well as 
two different Mn oxidation states, {MnIV2MnIII4(OH)4(O)4}, suggested that H-atom 
transfer to or from the cluster might result in new compounds with different core 
compositions. For example, formal loss of a hydrogen atom should yield 
{MnIV3MnIII3(OH)3(O)5}, whereas gain of a hydrogen atom would yield 
{MnIVMnIII5(OH)5(O)3}.   
Initially, both the direct addition and abstraction of H-atoms from 4.1 were 
investigated using TEMPOH and TEMPO respectively. As shown in Figure 4.18, the 
reaction of 4.1 with TEMPOH (dots) produced no change in the UV-visible absorption 
spectrum; on the other hand, addition of TEMPO (dashes) resulted in an increase in 
absorption between 500-600 nm and a slight blue shift in the feature originally at 452 nm.  
Despite the changes observed in the UV-vis spectrum of 4.1 upon addition of 
TEMPO, several reservations concerning the absorption changes arose. Firstly, TEMPO 
exhibits a broad absorption peak at 460 nm, which directly overlaps with all three features 
observed for 4.1; thus, the observed changes could be the simple spectroscopic 
superposition of unreacted 4.1 and TEMPO or coordination of TEMPO to the Mn centers 
of 4.1. Secondly, the prospect of TEMPO, a stable radical, abstracting an H atom from 4.1 







Evidenced by the lack of reactivity of 4.1 with TEMPOH and the resistance of 4.1 
to counter-ion exchange discussed in the synthesis section, we hypothesized that the 
addition of H-atoms to the {Mn6} cluster would be highly unfavorable, due to the blocking 
of basic µ3-oxo sites by strong K⋯O interactions within the cluster. Therefore, subsequent 
HAT efforts focused on the abstraction of H atoms from 4.1 via the addition of H-atom 
acceptor, 2,4,6-tri-tert-butylphenoxy (2,4,6-TTBP) radical. 
	
Figure 4.18. UV-visible absorption spectra of (0.20 mM) 4.1 (solid line), 4.1 with 




An initial UV-vis study monitoring the reaction of 4.1 and a single equivalent of 
2,4,6-TTBP radical could result in the ostensible spectroscopic superposition of the 
individual species (Figure 4.19), (much like the case of 4.1 and TEMPO, when no reaction 
occurred Figure 4.18). The bright blue 2,4,6-TTBP radical species was more easily 
spectroscopically monitored than TEMPO due to the lack of overlapping absorption 
features. In order to drive the reaction forward, three more radical equivalents were added 
	
Figure 4.19. UV-visible absorption spectra of 2,4,6-TTBP radical (2.0 mM) (blue) and 
the reaction of 4.1 (0.16 mM) with 1.0 and 4.0 equivalents of 2,4,6-TTBP radical over 90 




to the reaction cuvette and UV-vis spectra obtained after 16 and 90 h. After 16 h, a slight 
increase in the absorbance features of 4.1 at overlaid with those of the 2,4,6-TTBP radical 
was observed, but after 90 h, a marked decrease in the absorption features of 4.1 was 
observed along and no 2,4,6-TTBP features were observable, ultimately yielding a UV-vis 
spectrum nearly identical to the original spectrum of 4.1. While this observation possibly 
indicates successful HAT from 4.1 to the 2,4,6-TTBP radical, it is also possible that O2 
and/or moisture contaminated the highly air-sensitive sample over the course of 90 h, 
resulting in radical decomposition. 
Due to the slow reaction kinetics of the sterically bulky 2,4,6-TTBP radical, and in 
order to prevent decomposition, the reaction was repeated in the dry box and allowed to 
stir for an extended period of time. Immediately upon addition of 2,4,6-TTBP radical to 
4.1, the reaction mixture turned from deep red-brown to black-green, seemingly a 
combination of red-brown and blue. Over seven days, the solution became red and 
appeared very similar to that observed for 4.1. Once the solution was dried, the solids were 
stirred in hexanes, which produced a pale-yellow solution. This result was especially 
promising as 2,4,6-TTB phenol is pale yellow in color. 
Recrystallization of the solution from anhydrous THF yielded small, deep red-
brown needles, distinct from the crystals typically obtained for 4.1. A sample of the 
crystals, potentially {MnIII3MnIV3(OK(THF))4(O)(OH)3(pinF)6}, were sent for synchrotron 





4.2.9 Stepwise H-atom abstraction from 4.1 
In addition to the direct H-atom abstraction reactions discussed above, a stepwise 
HAT of sequential oxidation and deprotonation steps was also pursued (Scheme 4.3). 
Interestingly, order of addition proved important in this reaction series; attempts to 
deprotonate 4.1 before oxidation were unsuccessful. As previously described, initial 
oxidation of 4.1 to 4.2 was possible using mild chemical oxidants such as AgPF6. However, 
subsequent addition of bases such as KOtBu and KN” resulted in the apparent decay of the 
oxidized cluster; although an immediate color change from red to brown was observed, 
only pale insoluble solids and brown oils were recovered from the reaction mixtures. 
	









































































It is important to note that the products resulting from direct and stepwise H-atom 
abstraction from 4.1 should be distinct. In the pathway of direct H-atom abstraction, 
product 4.3a would result. On the other hand, the stepwise pathway should produce 4.3b, 
which differs by the presence of one equivalent of KPF6. With our understanding of the 
strong K⋯O interactions formed between the K+ counter-ions and oxygen atoms of the pinF 
ligand within 4.1, it seems unlikely that that a µ3-oxo without a capping electrophile (either 
K+ or H+) would be present. Instead, the basic oxo moiety would likely bind a K+ in a 
configuration similar to that of the four original {O(K(THF)} moieties within 4.1, resulting 
in product 4.3b. While product 4.3b seems most reasonable, the aforementioned isolation 
of red-brown needles from the reaction of 4.1 and the 2,4,6-TTBP radical under N2 suggests 






4.3 Conclusion and Future Directions 
The isolation of {Mn6} cluster {Mn6(OK(THF))4(OH)4(pinF)6}, 4.1 represents the 
first example of a hexanuclear cluster featuring an octahedral core of Mn atoms. Synthetic 
pursuits to prepare 4.1 with bases other than KOH were unsuccessful, demonstrating the 
importance of K+ ions in stabilizing the cluster through eight intramolecular K⋯O and 
K⋯F interactions. Efforts to understand the role that Ca2+ plays in the formation of 4.1 
reveal that over the course of 48 hours, the added Lewis acid lowers the pH of the reaction 
mixture by approximately one pH unit; furthermore Ca2+ may play a role in associating the 
oxo and hydroxo moieties that bridge the Mn centers. High-field EPR measurements 
confirm a high spin magnetic ground state of ST = 11, corroborating the oxidation 
assignment of four Mn(III) and two Mn(IV) centers within 4.1. Although small, the 
negative axial and rhombic zero-field splitting (ZFS) parameters E and D suggested 
potential slow magnetic relaxation within the cluster. CTM measurements confirm the 
presence of easy axis anisotropy within 4.1, further suggesting the possibility of slow 
magnetic relaxation. Contrarily, field-dependent SQUID magnetometry down to 2 K 
reveals a lack of magnetic hysteresis in 4.1, precluding the hypothesized SMM behavior 
above 2 K.  
Cyclic voltammetry studies of 4.1 under N2 reveal a richly complex electrochemical 
profile consisting of eight redox features, including several irreversible oxidation events at 
mild potential. Correspondingly, reaction of 4.1 with the mild chemical oxidant AgPF6 
results in the one-electron oxidized analog, {Mn6(OK(THF))4(OH)4(pinF)6}PF6, 4.2, which 




of 4.2 has not yet been obtained, 19F NMR and elemental analysis confirm its compositional 
purity. Compound 4.2 may exhibit increased magnetic anisotropy, due to the reduction in 
rotational axis order (from ~ C4 to ~ C3) predicted for its {Mn6} core, while preserving a 
magnetic axis required for SMM behavior. Overall, completing the magnetic and electronic 
characterization of {Mn6} clusters 4.1 and 4.2 remains an important goal as we work to 










4.4.1 General procedures 
Compound 4.1 was prepared in air in deionized H2O; crystallization solvents Et2O, 
THF, and hexanes were dried over 3 Å sieves and used without further purification. A final 
recrystallization of 4.1 from anhydrous THF and hexanes was performed and subsequent 
manipulations carried out in an N2-filled MBraun dry box. Synthesis and manipulations of 
4.2 were performed in an N2-filled MBraun dry box; anhydrous solvents THF and hexanes 
were dried in an alumina-based solvent purification system (SPS) under Ar, piped directly 
into the N2-filled dry box, and stored over 3 Å molecular sieves. H2pinF was purchased 
from Oakwood Chemicals and stored over 3 Å molecular sieves. Reagents TEMPOH (1-
hydroxy-2,2,6,6-tetramethyl-piperidine) and TTBPR (2,4,6-tri-tert-butylphenoxy radical) 
were prepared according to established literature procedures.240-242 Celite was heated to 
125°C under vacuum overnight and stored under N2. All other reagents were obtained 
commercially and used with further purification. Standard UV–vis data were collected with 
a Shimadzu UV-3600 spectrometer Elemental analyses were performed by Atlantic 
Microlabs, Inc. in Norcross, GA.  
 
4.4.2 Cyclic voltammetry 
Cyclic voltammetry studies were performed under N2 using a concentration of 2.5 
mM of each complex and 250 mM of NBu4PF6 as the supporting electrolyte in anhydrous 
THF. Supporting electrolyte Bu4NPF6 was obtained commercially and recrystallized twice 




powered by a personal computer with CHI software was used. A glassy carbon electrode 
(0.5 mm diameter) was employed as the working electrode, Ag/AgNO3 electrode as the 
reference electrode, and Pt wire as the counter electrode, respectively. The working 
electrode was rinsed and polished between experiments using polishing alumina and a fine 
grit pad. Unless otherwise noted, all voltammograms were recorded at a 100 mV/s scan 
rate. 
 
4.2.3 1H and 19F NMR spectroscopy 
1H and 19F NMR samples were prepared under N2 using (CD3)2CO stored over 3 Å 
molecular sieves. Measurements were carried out using a Varian 500 MHz NMR 
instrument at 298 K. 1H chemical shifts were referenced to the resonance of the residual 
solvent protons and 19F chemical shifts were referenced to an external standard of CFCl3 
(δ = 0.00 ppm).  
 
4.2.4 High-field EPR measurements 
 High-frequency EPR spectra were recorded at temperatures 3-100 K with a home-
built spectrometer at the EMR facility at the National High Magnetic Field Lab at Florida 
State University. The instrument is a transmission-type device (using no resonance cavity) 
in which waves propagate in cylindrical light-pipes. A superconducting magnet (Oxford 
Instruments) capable of reaching a field of 17 T was employed. The microwave source 
consisted of a phase-locked oscillator (Virginia Diodes) operating at an adjustable basic 




harmonics, giving a total frequency range of 24-640 GHz for the EPR experiments. HFEPR 
spectra were simulated using the program SPIN (by Andrew Ozarowski). 
 
4.2.5 SQUID magnetometry measurements 
Variable-temperature (2-300 K) direct current (DC) magnetic susceptibility measurements 
under applied field of B = 0.5 T as well as magnetization measurements at 2 and 5 K over 
the magnetic field range 0-5 T were carried out on a Quantum Design MPMS-XL5 SQUID 
magnetometer. The magnetic susceptibility data were corrected by subtracting the sample 
holder signal and diamagnetic contributions estimated from the Pascal constants.275 
 
4.2.6 Cantilever torque magnetometry measurements 
Torque magnetometry experiments were performed by using a homemade two-
legged CuBe cantilever separated by 0.1 mm from a gold plate.276 The cantilever was 
inserted into an Oxford Instruments MAGLAB2000 platform with automated rotation of 
the cantilever chip in a vertical magnet. The capacitance of the cantilever was detected with 






4.2.7 Synthesis of compounds 
4.1 {Mn6(OK(THF))4(OH)4(pinF)6}. KOH (0.664 g, 11.8 mmol) and H2pinF (1.976 g, 5.92 
mmol) were combined in 20 mL in deionized H2O and stirred for 30 min, yielding a 
translucent, colorless solution. Separately, MnSO4•H2O (0.500 g, 2.96 mmol) was 
dissolved in minimal deionized H2O and added to the reaction mixture. Immediately, the 
solution turned pale pink and was allowed to stir for 48 h. An excess of CaCl2•2H2O (2.174 
g, 14.8 mmol) was added to the deep red-purple reaction mixture as a solid. An additional 
10 mL of deionized H2O were added and the solution stirred open to air for 48 hours. The 
resulting cloudy deep red-purple solution was filtered, isolating a purple-gray solid. The 
crude solid was redissolved in Et2O and filtered through Celite to remove insoluble pale 
brown material. Slow evaporation of the deep purple filtrate yielded deep purple needles. 
Recrystallization from layering THF and hexanes at 10°C for five days yielded deep red-
brown X-ray quality crystals (0.340 g, 24% yield). UV-vis (THF) ($max, nm (%, M−1 cm−1)): 
452 (1670), 493 (1390), 572 (1050). Anal. calcd. for C52H36F72K4Mn6O24: C, 21.55; H, 
1.25; N, 0.00. Found: C, 21.83; H, 1.15; N, 0.00. 1H NMR ((CD3)2CO, 500 MHz), 1.79 
ppm (s, broad); 3.63 ppm (s, broad). 19F NMR ((CD3)2CO, 500 MHz), −70.3 ppm (s, 
broad), −74.9 ppm (s, broad). μeff (CD3CN) = 14.50 μB.  
 
4.2 {Mn6(OK(THF))4(OH)4(pinF)6}PF6. In a N2-filled glove box, a portion of 1 (0.200 g, 
0.069 mmol) was dissolved in 5 mL of THF, yielding a deep orange-brown solution. An 
equimolar portion of AgPF6 (0.019 g, 0.076 mmol) was dissolved in 2 mL of THF and 




dark for 3 h, affording a hazy deep red-brown solution. The solution was concentrated 
under vacuum to 2 mL and filtered through Celite, yielding a translucent, red-brown 
solution. Deep red X-ray quality needles (0.120 g, 57% yield) were grown by layering THF 
and hexanes at RT for 48 h. Anal. calcd. for C52H36F78K4Mn6O24P: C, 20.52; H, 1.19; N, 
0.00. Found: C, 20.87; H, 1.27; N, 0.00. 1H NMR ((CD3)2CO, 500 MHz), 1.79 ppm (s, 
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